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ABSTRACT
Wilson, Michael L. , M.S., Spr ing,  1981 Geology
Petro logy  and O r ig in  o f  Archean L i th o lo g ie s  in the Southern 
Tobacco Root and Northern Ruby Ranges o f  Southwestern Montana
D i re c to r :  Donald W. Hyndman
This study focuses on the parentage o f  an Archean assemblage 
exposed w i t h in  t i g h t  synforms in the Copper Mountain area o f  the 
southern Tobacco Root Mountains and K e l ly  area o f  the northern 
Ruby Range. This assemblage is t y p i c a l  o f  much o f  the poor ly  
understood Montana basement te r ra n e ,  and is  composed o f :  
migmatic q u a r tzo fe ld s p a th ic  gneiss, d o lo m i t i c  marble, massive to  
banded am ph ibo l i te ,  micaceous q u a r t z i t e ,  p e l i t i c  s c h i s t ,  pure 
q u a r t z i t e  o r  c h e r t ,  massive and banded i r o n - f o r m a t io n , and small 
conformable fragments o f  p e r i d o t i t e  and pyroxen i te .  F o l ia t io n  
p a r a l l e l s  composit ion la y e r in g  w i t h i n ,  and the l i t h o l o g i c  
contacts  between u n i t s ,  and may r e f l e c t  an o r ig in a l  la y e r in g .
At lea s t  two periods o f  fo ld in g  around no r th -no r the as t  axes 
a f fe c te d  both areas. T igh t  i s o c l i n a l  F] fo ld s  are common through­
out the q u a r tz - fe ld s p a r  gneiss,  am ph ibo l i te ,  and i r o n - f o r m a t io n .
The o v e ra l l  synformal s t ru c tu re  o f  both areas represent  F£ f o ld in g .
Textura l  and m ine ra log ica l  c r i t e r i a  in d ica te  th a t  prograde 
metamorphism s t radd led  the upper-amphibo l i te  l o w e r -g ra n u l i t e  grade 
boundary w i th  temperatures in the 700-800°C range and pressures o f  
4-8 k-bars.  G ranu l i te  minera logies in mafic  and u l t r a m a f ic  
l i t h o l o g i e s  represent  rocks which were l o c a l l y  water undersaturated. 
G reensch is t - fac ies  assemblages are developed across both areas 
and may represent a greensehis t-grade thermal event which reset  
K-Ar c locks a t  1600 Ma.
F ie ld ,p e t ro g ra p h ic ,  and geochemical c r i t e r i a  suggest the dominant 
q u a r tz o fe ld s p a th ic  gneisses o r ig in a te d  as a t h i c k  sequence o f  
f e ld s p a th ic  sands i n t e r s t r a t i f i e d  w i th  s i l i c i c  and mafic  vo lcan ic  
rocks. Do lom i t ic  marble was deposited as a s i l i c e o u s  calcareous 
ooze. Massive and banded amphibo l i te  show near ly  id e n t i c a l  
composit ions which are cons is te n t  w i th  metamorphosed f lows o f  basa l t  
to  b a s a l t i c  andesite composit ion.  Micaceous q u a r tz i te s  and p e l i t i c  
s ch is ts  represent  t e r r ig in e o u s  i n f l u x  o f  fe ld s p a th ic  sands and 
aluminous muds, whereas pure q u a r t z i t e  lenses most probably represent 
che r ts .  I ron - fo rm a t ions  f i t  i n to  the volcanogenic Algoma-type 
and may have been deposi ted as f e r r i g i n o u s - s i 1iceous br ines associated 
w i th  submarine volcanism. U l t ram a f ic  masses were conformably 
emplaced as t e c t o n ic  fragments p r i o r  to  o r  dur ing  prograde metamorphism 
and deformation.
A Franciscan-type fo re -a rc  environment provides an e x c e l le n t  
de pos i t iona l  and deformational  model f o r  the assemblage exposed in 
the Copper Mountain and K e l ly  areas, and exp la ins  l i t h o l o g i c  and 
s t r u c t u r a l  v a r ia t i o n  across the Montana basement te r rane.
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CHAPTER I 
INTRODUCTION
The geology o f  southwestern Montana is  cha rac te r ized  by a ser ies  
o f  u p l i f t e d  ranges which are cored w i th  a complexly deformed Archean 
supracrus ta l  assemblage. Pre-metamorphic parentage and depos i t iona l  
environment are poor ly  understood f o r  these sequences which con s is t  
o f  vary ing p ropo r t ions  o f  q u a r tz o fe ld s p a th ic  gne iss ,  a m ph ib o l i te ,  
d o lo m i t i c  marble, p e l i t i c  s c h i s t ,  q u a r t z i t e ,  and i ro n - fo rm a t io n .
Rb-Sr analyses o f  gneisses (Muel le r  and Cordua, 1976; James and 
Hedge, 1980) show th a t  i n i t i a l  metamorphism o f  these s t ra ta  occurred 
about 2750 Ma. A second thermal event rese t  mica and amphibole 
K-Ar ages at  1660 Ma ( G i l e t t i ,  1966, 1971). Metamorphic grade ranges 
from greensch is t  to lo w e r -g ra n u l i t e  f a c ie s ,  w i th  upper-amphibo l i te  
assemblages dominating.
Vague and in c o n s is te n t  s t r a t i g r a p h i c  des ignat ions ca r ry ing  
genet ic  conno ta t ions ,  such as Pre-Cherry Creek Group and D i l lo n  
Grani te  Gneiss, have been imposed on these metamorphic rocks (Peale, 
1896; Tansley and o th e rs ,  1933; Reid, 1957, 1965; H e in r ich ,  1960, 
1963; Okuma, 1971; Garihan, 1973; and many o th e rs ) .  These regional  
u n i t s  have several shortcomings:
1) Separat ion o f  u n i ts  is  based upon presence (Cherry Creek 
Group) or  absence (Pre-Cherry Creek Group) o f  marble, or  general 
absence o f  marble and/or  q u a r t z i t e  and garnet (Pony Group) in the
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s e c t io n .  These are extremely tenuous c r i t e r i a  cons ider ing  l i t h o -  
fac ie s  v a r ia t i o n s  and com pl ica t ions  created dur ing m u l t ip le  f o ld in g .
2) Uni ts  are l o c a l l y  de f ined ,  making the necessary and long 
overdue c o r r e la t i o n  o f  sequence across range boundaries confusing i f
no t  imposs ib le .  For example, the Pony Group o f  the Tobacco Root Mountains 
i s ,  in the l i t e r a t u r e ,  roughly  eq u iva le n t  to  the Pre-Cherry Creek 
Group o f  the Ruby Range.
3) Impl ied genet ic  connotat ions may prove to be w ho l ly  unfounded.
For example, the Cherry Creek Group conta ins marble and has been 
considered,  th e re fo re ,  e x c lu s iv e ly  a metasedimentary package; the 
D i l l o n  Grani te  Gneiss is  considered a metamorphosed g r a n i t i c  i n t r u s io n .
Recent workers ( e . g . ,  James and Hedge, 1980) are abandoning t h i s  
nomenclature and suggest t h a t  the Montana basement te r ra n e ,  the n o r th e rn ­
most extens ion o f  the Wyoming Province (Condie, 1976), i s  p h y s ic a l l y  
and in general s t r u c t u r a l l y  and 1i t h o l o g i c a l l y  cont inuous,  from the 
Ruby Range in the southwest through the Tobacco Root, Madison, G ra v e l ly ,  
and G a l la t i n  Ranges in the east .
Although the basic geo log ic  mapping is  n e a r ly  complete, l i t t l e  
a t t e n t i o n  has been given to the Montana basement as a te c to n ic  element. 
Tecton ic  i n te r p r e t a t io n s  are e i t h e r  ignored,  or center  around a s tab le  
c o n t in en ta l  s h e l f  model ( e . g . ,  V i t a l i a n o  and Cordua, 1979). Both 
Hanley (1976) and Fountain and Desmarais (1980) however, have 
recognized the s i m i l a r i t y  between the assemblage exposed across these 
basement b locks and sequences which have formed in an is la n d -a rc  
s e t t i n g .  An in te g ra te d  approach emphasising c o r r e la t io n  o f  l i t h o l o g i c
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packages w i th in  and across ranges is  l a c k in g ,  but i s  c r i t i c a l  to  any 
te c to n ic  i n t e r p r e t a t i o n .
This s tudy ,  is  concerned w i th  comparison o f  the pe t ro logy  and 
parentage o f  two Archean sequences enc los ing d i s t i n c t i v e  l i t h o l o g i e s  
such as garnet i r o n - fo rm a t io n  (Immega and K le in ,  1976; Dahl, 1977), 
in the Copper Mountain area o f  the southern Tobacco Root Mountains, 
and K e l l y  area o f  the nor thern  Ruby Range (F ig .  1) .  The K e l ly  area 
l i e s  along the no r theas t  f la n k  o f  the Ruby Range, w i th in  the Laur in 
Canyon Quadrangle. Access is  by secondary road west from A lde r ,  
Montana, and along the nea r ly  impassable Beatch Canyon jeep t r a i l .
The Copper Mountain area occupies the southern t i p  o f  the Tobacco Root 
Mountains, about 15 k i lom e te rs  to the no r theas t  o f  the K e l l y  area. 
Ramshorn, Bivens, and C a l i f o r n ia  creek roads provide dry  weather 
access as secondary roads leav in g  nighway 287 between Laur in and 
A lde r ,  Montana.
F ie ld  work f o r  t h i s  study was done during the summer o f  1980. 
P a r t i c u l a r  a t t e n t io n  was given to f i e l d  r e la t io n s h ip s  and d e s c r ip t io n  
o f  l i t h o l o g y  and sequence in hopes o f  showing a c o n s is te n t  assemblage 
r e f l e c t i n g  an o r ig i n a l  depos i t iona l  environment. The Copper Mountain 
area was mapped a t  a scale o f  1" = 1000' using en larged U.S.G.S. 
topographic  maps as a base ( pi ate 1) . A 1" = 500' outcrop map was 
prepared to b e t t e r  show the poor ly  exposed f i e l d  re la t i o n s h ip s  in  the 
K e l ly  area (P la te  2) .  These maps inco rpo ra te ,  w i th  many re v is io n s  
and a d d i t i o n s ,  some p re l im in a ry  mapping done by James and Weir (1962,
Figure i. Index map of part of southwestern Montana showing exposure of 
Archean crystalline rocks (hatchured) and the location of the 
Copper Mountain (A ) and Kelly (B )  study areas.
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1972), Levandowski (1956),  Cordua (1973), and Smith (1980).
F o l i a t i o n ,  l i n e a t i o n ,  and the a t t i t u d e  o f  sm a l l -sca le  f o ld  axes 
were measured in  the f i e l d .  A computer program was used to p l o t  
and contour pi diagrams cons truc ted  from poles to  f o l i a t i o n  in both 
areas. These p lo t s  are h e lp fu l  in i n t e r p r e t i n g  the o v e ra l l  s t ru c tu re  
o f  both areas.
N inety  t h in - s e c t io n s  represen t ing  a l l  l i t h o l o g i e s  in both areas 
were examined and compared p e t r o g r a p h i c a l l y . Modal analyses were 
v i s u a l l y  es t imated f o r  a l l  l i t h o l o g i e s .  Several po l ished sect ions 
o f  i ro n - fo rm a t io n  were prepared to b e t t e r  observe the presence or 
absence, and general nature o f  i t s  banding.
Major-e lement ana lys is  was performed on 16 samples o f  am ph ib o l i te ,  
q u a r tz o fe ld s p a th ic  gne iss ,  and q u a r t z i t e  from both s tudy areas. Samples 
were prepared and analyzed using X-ray f luorescence f a c i l i t i e s  a t  
Washington State U n iv e r s i t y ,  Pul lman, Washington. 3.5 gram s p l i t s  
o f  sample were mixed w i th  7 grams o f  l i t h i u m  te t ra b o ra te  and fused in to  
beads a t  1000°C. These beads were analyzed f o r  major elements using 
a P h i l l i p s  PW 1410-00 XRF spec trom ete r . M a tr ix  c o r re c t io n s  were 
a p p l ie d .
CHAPTER I I
FIELD AND PETROGRAPHIC DESCRIPTION OF LITHOLOGIES
Mapping in  the Copper Mountain area o f  Lhe southern Tobacco 
Root Mountains and K e l l y  area o f  the northern Ruby Range has revealed 
an e q u iva le n t  Archean l i t h o l o g i c  sec t ion  w i th in  t i g h t  synforms in 
both areas (see p la tes  1 and 2) .  Consis tent a l t e r n a t i o n  o f  major 
l i t h o l o g i e s  across both ranges (Burger, 1969; Okuma, 1971) suggests 
th a t  t h i s  sec t ion  represents  an o r ig i n a l  depos i t io na l  package com p l i ­
cated by f o ld in g .  S t r i c t  s t r a t i  graphic c o r re la t io n s  are imposs ib le ,  
however, since o r i g i n a l  th icknesses have been m od i f ied ,  and s t r a t i  - 
g raph ic  top rendered indeterm ina te  dur ing metamorphism. Since 
f o l i a t i o n  p a r a l l e l s  composi t ional  banding and l i t h o l o g i c  con tac ts ,  
s t r u c t u r a l  top is  t e n t a t i v e l y  assumed to  be s t r a t i g r a p h i c a l l y  up 
s e c t i o n .
The l i t h o l o g i c  package occupying both synforms and work ing 
upwards i s :  q u a r tz o fe ld s p a th ic  gneiss ,  d o lo m i t i c  marble, a m p h ib o l i te ,
micaceous q u a r t z i t e  and p e l i t i c  s c h i s t ,  pure q u a r t z i t e  ( c h e r t ) ,  and 
i r o n - f o r m a t io n . Small masses o f  Precambrian m e ta -p e r id o t i te  and 
p y ro x e n i te ,  and i n t r u s i v e  bodies o f  C re taceous -Te r t ia ry  quartz  
d i o r i t e  and g r a n o d io r i t e  in t rude  both areas. Thin P ro te rozo ic  
diabase dikes cu t  across the Copper Mountain area, and Paleozoic 
sediments o v e r l i e  and bound the K e l ly  study area. F ie ld  and p e t ro -  
g raph ic  d e s c r ip t io n  o f  these u n i t s  f o l l o w s .  The Precambrian
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assemblage is  described s t r u c t u r a l l y  upwards, and is  fo l low e d  by the 
younger Paleozoic and C re taceous -Ter t ia ry  rocks. V i s u a l l y  est imated 
modes f o r  these l i t h o l o g i e s  are given in Tables 1 and 2.
Q ua r tzo fe ldsp a th ic  Gneiss
Q ua r tzo fe ldspa th ic  gneiss is  the s t r u c t u r a l l y  lowest  and l i t h o -  
l o g i c a l l y  most abundant c o n s t i t u e n t  in both the Ruby and Tobacco 
Root Mountains. Cordua (1973) suggests th a t  the u n i t  makes up about 
75 percent o f  the e n t i r e  l i t h o l o g i c  sect ion in the Tobacco Roots w i th  
a t o t a l  th ickness  o f  about 5 km. Q ua r tzo fe ldspa th ic  gneiss covers
o
about 325 km along the backbone o f  the Ruby Range, w i th  an est imated 
s t r u c t u r a l  th ickness o f  a t  l e a s t  9 km (Garihan, 1973).
The Copper Mountain synform f l o a t s  in a sea o f  q u a r t z - fe ld s p a r  
gneiss which extends f o r  several  k i lom e te rs  in a l l  d i r e c t i o n s .  Out­
crop o f  gneiss in the K e l l y  area is  r e s t r i c t e d  to a small  lobe in the 
southeast co rner ,  which is  sha rp ly  o v e r la in  by do lom ite .  This lobe 
forms the nor thern  t i p  o f  a t h i c k  swath o f  the " D i l l o n  Grani te  Gneiss” 
o f  He in r ich  (1960) which extends to  the south o f  the study area.
In the f i e l d ,  the gneiss e x h ib i t s  p rominent ly  j o i n t e d  outcrops 
and low l y i n g  ledges o f  l i g h t  brown-gray to p in k ,  massive to  conspicu­
ous ly  banded gneiss (F ig .  2 ) .  Texture and minera logy vary cons iderab ly  
across the u n i t  which cons is ts  o f  b i o t i t e - q u a r t z - f e l d s p a r  gneiss ,  
q u a r t z - f e ld s p a r  gne iss ,  h o rn b le nd e -q ua r tz - fe ld spa r  gneiss and migmat ite  
in o rde r  o f  decreasing abundance (Cordua, 1973; Smith, 1980). A l l
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Figure 2. Banded b i o t i t e - q u a r t z - f e l d s p a r  gneiss from 
the Copper Mountain area.
Figure 3. H o rn b lende-qua r tz - fe ldspar  gneiss from the 
Copper Mountain area. Brunton f o r  scale .
9
grada t ions  between le u c o c ra t i c  and mafic  gneisses are p resen t ,  making 
the u n i t  heterogeneous in outcrop but homogeneous on a mapping sca le .  
A l t e r n a t i o n  o f  f e l s i c  and rnore-mafic laye rs  from 0.5 cm to  15 m t h i c k  
are c h a r a c t e r i s t i c ,  and garnet  porphyrob las ts  are l o c a l l y  abundant 
enough to c a l l  some o f  the u n i t  a garnet  gneiss. These m ine ra log ica l  
and t e x t u ra l  v a r ia t i o n s  are probably due both to  o r i g i n a l  d i f fe re n c e s  
in bu lk  composit ion and t e x t u r e ,  as we l l  as the e f f e c t s  o f  p l a s t i c  
f lowage, shear ing ,  and d i f f e r e n t i a t i o n  dur ing metamorphism.
M igmat iza t ion  has sweat out m i l l i m e t e r  to  several cen t im e te r -  
t h i c k  s t r i n g e r s  and pods o f  pegmat i te ,  and produced ta b u la r  masses o f  
p e g m a t i t i c  gneiss which grade i n t o  the o th e r  t e x tu ra l  and m ine ra log ica l  
v a r i e t i e s .  P la s t i c  deformation w i t h in  the u n i t  has l e f t  small 
i s o c l i n a l  f low  fo ld s  and m y lo n i t i c  tex tu re s  th roughout .  Metamorphic 
d i f f e r e n t i a t i o n  has enhanced f o l i a t i o n  and produced var ious pinch and 
w e l l  s t ru c tu re s  which may resemble sedimentary crossbeds.
Streaks,  pods, and concordant laye rs  o f  hornblende gneiss are 
sca t te re d  throughout the q u a r tz o fe ld s p a th ic  gneiss in both l o c a l i t i e s  
(F ig .  3). Hornblende con ten t  w i t h in  the gneiss commonly increases 
towards these bodies.
Along Currant  Creek, in the extreme nor theast  corner o f  the 
Copper Mountain study area, a swarm o f  metabasite s i l l s  and c ro ss ­
c u t t i n g  dikes outcrop w i th in  the gneiss. These rocks d i f f e r  s l i g h t l y  
from t y p ic a l  concordant am ph ibo l i tes  since some e x h i b i t  c ro s s -c u t t i n g  
r e la t i o n s h ip s ,  x e n o l i t h s ,  cumulate tex tu res  and c h i l l e d  margins
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(Gi 1 I rn e is te r ,  1971; Cordua, 1973). Most metabasi tes are f in e -g r a in e d ,  
massive, and are more pyroxene- and g a rn e t - r i c h  than many a m p h ib o l i te s . 
Hornb lende-p lag ioc lase-pyroxene-garne t  assemblages are common (Cordua,
1973). Because o f  t h e i r  small  volume and o v e ra l l  s i m i l a r i t y  in 
minera logy and t e x t u r e ,  metabasites were not considered separa te ly  
from amphibol i t e s  in  the Copper Mountain area.
In t h i n - s e c t i o n , ( T a b le  1) three t y p ic a l  mineral assemblages can 
be observed in  the gneisses o f  both areas, w i th  the most abundant 
mineral l i s t e d  f i r s t :
1) q u a r t z - m ic ro c l in e -p la g io c la s e  +_ garnet + b i o t i t e  + hornblende 
( t y p i c a l  q u a r tz o fe ld s p a th ic  gneiss)
2) q u a r t z - p la g i o c l a s e - m ic r o c l i n e - b io t i t e - g a r n e t  +_ s i l l i m a n i t e  
( b i o t i t e  q u a r t z - fe ld s p a r  gneiss)
3) p la g io c lase -ho rnb lend e -q ua r tz  + b i o t i t e  (hornblende gneiss)
The f i r s t  two assemblages are id e n t i c a l  in t h in - s e c t i o n  except
f o r  the presence o r  absence o f  accessory hornblende, or  s i l l i m a n i t e .  
S t ron g ly  undulose, s t ra in e d  quar tz  commonly makes up one t h i r d  to 
n e a r ly  one h a l f  o f  the gneiss .  Granulated s e r ia te  quar tz  gra ins  up 
to  1 mm across are commonly wrapped by e longa te ,  curved r ibbons o f  
sutured quar tz  up to  7 mm in leng th .  Elongate quar tz  and fe ld s p a r ,  
and to  a le s s e r  ex te n t  b i o t i t e  and f l a t t e n e d  ga rne ts ,  commonly create 
a s t rong  f o l i a t i o n .
Equ ig ranu la r  to  e longate p la g ioc lase  i s  a lso undulose w i th  p o l y ­
gonal to sutured g ra in  boundaries. Patchy zoning i s  l o c a l l y  present 
as i s  myrmekite in  samples w i th  abundant m ic ro c l in e .  Both twinned
Table 1
Visually Estimated Modes For Study-Area Lithologies
Micaceous Garnet
Mineral («)__________ Q-F Gneiss Dolomite Amphibolite Quartzite Quartzite "Pure” Quartzite (Chert) Schist Iron-formation
Quartz 35-40 Tr-3 1-10 25-70 10-45 95-9 B 30-55 30-55
Plagioclase 15-40 Tr 10-25 5-30 5-15 2-7 5-35
A n 20-30 ^ 3 0 - 6 0 “ 15-20 An 30-4 5 A n 30 ^ 1 5 - 2 5
K-Feldspar 5-25 5-35 2-20 1-7 5-30
Diopside-Salite 0-5 2-5 0-15 Tr-20
(Ferro)-Augite 10-30
(Ferro)-Hypersthene Tr Tr-30 Tr-3 5
Hornblende 0-9 35-65 1-5
Tremolite-Actinolite 0-3 0-2
Anthopayllite Tr Tr-1
G r u n e n t e 1-5
Olivine 3-7
Calcite 30-40 Tr-1 Tr Tr
Dolomite 40-45
Muscov ite Tr-2 Tr
Biot i te 1-25 Tr-1 1-25 1-25 3-5 3-25
Pnlogopite Tr-1
Sil 1 imanite 0-2 0-2 Tr-3 Tr-10
Kyan i te 0-2
Garnet 0-20 0-2 Tr-20 3-10 15-45 1-2 0 0-55
Z ircon T r - 1 Tr Tr-1 Tr-1 Tr
Apatite Tr Tr Tr Tr Tr-1 Tr
Sphcne Tr Tr Tr-1
Serpentine 5-15
Sericite Tr-5 Tr-1
Chlorite Tr-1 Tr Tr-1 Tr-7 Tr 1-5 0-1
Epidote Tr Tr Tr 0-1
Hematite Tr Tr Tr-1 Tr-1
Magnetite Tr-5 1-10 0-7 0-3 Tr 10-30
Graphite 0-3 Tr-10
Ilmenite Tr Tr Tr Tr
n u t i 1 e Tr Tr Tr
No. of samples 12 5 17 9 4 12 6 7
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and untwinned p lag ioc lase  are presen t ,  and bent and o f f s e t  tw in 
lamel lae are common.
M ic ro c l in e  forms about on e - fo u r th  o f  the gneiss. Both massive 
and "patchwork" v a r i e t i e s  are present in  augen up to  5 cm across.
Ribbon and patchy m ic ro p e r th i t e  are common.
B i o t i t e  is  c h a r a c t e r i s t i c a l l y  a l t e r e d  to  c h l o r i t e  and o r ien ted  
w i t h i n  a f o l i a t i o n ,  but l o c a l l y  shows no d i s t i n c t  o r i e n t a t i o n .  I t  
makes up 5 to  10 percent o f  the q u a r tz o fe ld s p a th ic  gneiss and up to  
25 percent o f  the b i o t i t e - q u a r t z - f e l d s p a r  v a r ie t y .
Garnet i s  c lu s te re d  w i t h in  b i o t i t e - r i c h  laye rs  as amoeboidal 
po rphyrob las ts  which comprise up to  on e - fo u r th  o f  the rock .
Shapes vary from rounded to  e l l i p s o i d a l  or f l a t t e n e d  in d ic a t i n g  
syndeformat ional  growth and r o l l i n g .
Anhedral magneti te rimmed by c h l o r i t e  forms 1-5 percent and is  
e longate  p a r a l l e l  to  f o l i a t i o n .  Rounded to  subrounded z i rcons 
form t race  amounts in  the gneiss and have been used as a c r i t e r i o n  to  
suggest a sedimentary p r o t o l i t h  (Garihan and Okuma, 1971; Garihan and 
W i l l ia m s ,  1976). Accessory hornblende, c h l o r i t e  a f t e r  b i o t i t e ,  
s i l l i m a n i t e  nu c le a t in g  on b i o t i t e ,  muscovite enclosed in  m ic ro c l i n e ,  
and d iops ide a f t e r  hornblende are common.
The concordant la ye rs  o f  ho rnb lende-p lag ioc lase  gneiss are c l e a r l y  
g rada t iona l  w i th  surrounding q u a r t z - fe ld s p a r  gneisses. They show 
e s s e n t i a l l y  the same te x tu re s  and conta in  more hornb lende, less 
p la g io c la s e ,  q u a r tz ,  and ga rne t ,  and no m ic ro c l in e .  Dark p le och ro ic
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y e l lo w  to green hornblende makes up 10 to 25 percent o f  the rock
and imparts a s l i g h t  f o l i a t i o n  in most samples. Hornblende p o i k i l i t i c a l l y
encloses p la g ioc lase  and q ua r tz .
Twinned, s l i g h t l y  s e r i c i t i z e d  p la g io c la s e  and s t ro n g ly  undulose 
e longate  quar tz  compose 60 to  70 percent  o f  the rock.  Granu la t ion  has 
produced small  0.2 to  1.0 mm and la r g e r  1.0 to  1.3 mm gra ins  o f  both 
quar tz  and p la g io c la s e .  Elongate gra ins and r ibbon s t r u c tu r e  are much 
less abundant than in t y p i c a l  q u a r tz o fe ld s p a th ic  gneiss. M ic ro c l in e  
was not found in t h i s  assemblage but  has been repor ted  in the hornblende- 
p la g io c la s e  gneiss (Cordua, 1973). B i o t i t e ,  ga rne t ,  z i r c o n ,  and 
magneti te  are minor o r  accessory, making up 5 to 7 percent o f  most 
samples.
D o lo m i t i c  Marble
Tan- to  buff -weath.er ing laye rs  o f  metamorphosed carbonate form a 
concordant la y e r  between q u a r tz o fe ld s p a th ic  gneiss and o v e r ly in g  
a m ph ibo l i te  throughout both ranges. These d o lo m i t i c  marbles serve 
both as e x c e l le n t  s t r u c t u r a l  markers, and unambiguous re p re sen ta t ive s  
o f  metasedimentary rocks.  Dolomite l i e s  aga ins t  Paleozoic sediments 
on the n o r th ,  west,  and eastern boundary o f  the K e l ly  area, and def ines 
the l imbs o f  both the Copper Mountain and K e l ly  synforms. Thick 
greaswood and orange l ichen -cove red  surfaces make the presence o f  
do lom ite  conspicuous, p a r t i c u l a r l y  on south fac in g  s lopes. O r ig in a l  
th ickness  o f  the u n i t  i s  inde te rm ina te  due to p l a s t i c  f lowage dur ing  
d e fo rm a t io n .
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In the K e l l y  area, a few small  outcrops o f  ho rnb lende-d iops ide -  
ep idote gneiss de f ine  a t h in  band l y i n g  aga ins t  the marble. These 
rocks represent  " c l a s s i c  examples o f  metamorphosed impure carbonate" 
accord ing to  Harold James ( w r i t t e n  communication, 1980) who noted a l l  
grada t ions between these gneisses and d o lo m i t i c  marble in the Car te r  
Creek area o f  the Ruby Range.
Most commonly, the marble is  a massive, medium- to coarse-gra ined 
mosaic o f  wh i te  to  tan do lomite  and c a l c i t e .  The presence o f  s i l i c a t e  
m inera ls  such as f o r s t e r i t e  and d iops ide  prov ide the marble w i th  a 
v e lv e ty  sheen and suggest an impure, s i l i c e o u s  carbonate as a pro-  
t o l i t h .  Layer ing ranges from 5 cm to  over a meter, and i s  l o c a l l y  de f ined 
by broken pods and s t r i n g e r s  o f  quar tz  boudins up to  a meter t h i c k .
Burger (1966) suggests th a t  these lenses o f  quar tz  may represent  de­
formed laye rs  o f  metamorphosed che r t  nodules.
In t h i n - s e c t i o n  (Table 1, p. 11) c a l c i t e  and do lomite  form an 
i n t e r l o c k i n g  m a t r ix  studded w i th  va ry ing  amounts o f  f o r s t e r i t e ,  
d io ps id e ,  ga rne t ,  q u a r tz ,  se rpen t ine ,  p h log o p i te ,  and g ra ph i te .
C a lc i te  can be d i s t in g u is h e d  from dolomite  by i t s  a l t e re d ,  dusty  
appearance in t h i n - s e c t i o n  (Dahl , 1977). F o r s te r i t e  forms small 
rounded gra ins  o r  c lu s te r s  o f  g ra ins  which are rimmed o r  complete ly  
rep laced by f ib ro u s  se rpen t ine .  Diopside occurs as equant g ra in s ,  
which in  many cases, are p a r t i a l l y  rimmed w i th  serpent ine  or  t r e m o l i t e .  
Garnets, where p resen t ,  occur as small anhedral p o rp h y ro b la s ts . L ig h t -  
brown gra ins  o f  randomly o r ie n te d  ph logop i te  are commonly s l i g h t l y
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bent and make up less than one percent o f  the rock. Disseminated 
g r a p h i te ,  observable in hand sample, forms t h i n  i r r e g u l a r  rods and 
small  anhedral g ra ins  which are assoc ia ted w i th  s e rp en t in ize d  
f o r s t e r i t e .
Amphi b o l i  te
S t r a t i f o r m ,  m e lanoc ra t ic  am ph ibo l i te  c o n s is t in g  dominantly  o f  
hornblende and p la g io c la s e ,  comprises much o f  both sec t io ns .  Large 
lenses o f  am ph ibo l i te  60 to  500 meters t h i c k  are interbedded w i th  
s c h i s t s ,  q u a r t z i t e s ,  and c h e r t ,  whereas t h in  segregations and i n t e r ­
layers  2 to  3 cm to 40 meters t h i c k ,  are present w i t h in  q u a r tz o fe ld s -  
p a th ic  gneiss and i ro n - fo rm a t  i o n . These am ph ibo l i tes  are everywhere 
p a r a l l e l  to the f o l i a t i o n  o f  surrounding u n i t s  w i th  the except ion  o f  
metabas i tes ,  which are l o c a l l y  d isco rda n t  in the northwestern corner 
o f  the Copper Mountain area. This d isco rda n t  r e la t i o n s h ip  has been 
used as evidence f o r  an igneous o r i g i n  f o r  the am ph ibo l i tes  
(Levandowski , 1957; H e in r ic h ,  I960; Okuma, 1971; Gar ihan, 1973; 
Cordua, 1973). The t o t a l  th ickness  o f  am ph ibo l i te  in the study areas 
is  d i f f i c u l t  to  determine because o f  s t r u c t u r a l  complex i ty  and i t s  
occurrence as t h in  i n t e r l a y e r s  w i t h in  severa l o th e r  l i t h o l o g i e s .  
Cordua (1973) gives a rough es t imate  o f  2 .7  km as a s t r u c t u r a l  
th ickness  o f  am ph ibo l i te  across the southern p o r t io n  o f  the Tobacco 
Roots.
Am ph ibo l i te  is  a general l i t h o l o g i c  category  which inc ludes 
severa l  d i s t i n c t  t e x t u ra l  and m ine ra log ica l  v a r i e t i e s  in both areas:
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1) "S a l t  and pepper" am ph ibo l i te  w i th  unor ien ted ,  f i n e -  to  
medium-grained hornblende, pyroxene, q u a r tz ,  and p la g io c la s e  in  
va r ious  percentages.
2) Banded o r  s t reaked ho rnb lende-p lag ioc lase  gneiss w i th  a 
w e l l -deve loped  f o l i a t i o n  de f ined  by a l t e r n a t i n g  q u a r t z - f e ld s p a r  and 
ho rnb lend e-p y roxe ne-ga rn e t - r ich  bands. Veined migmat i tes are common.
3) Massive, medium- to  coarse-gra ined  am ph ibo l i te  o r  ho rnb lend i te  
co n ta in in g  70 to  90 percent  hornblende, and minor amounts o f  quar tz  
and p la g io c la s e .
The best exposures are on r idges  and in  g u l l i e s  cu t  along major 
dra inages where one or  a l l  th ree  o f  these v a r i e t i e s  may be present in 
a given ou tcrop .  A l l  three v a r i e t i e s  commonly grade i n t o  one another ,  
suggest ing th a t  much o f  the v a r ia t i o n  in t h i s  u n i t  may be due to 
d i f f e r e n t i a t i o n  and p a r t i a l  m e l t in g  dur ing metamorphism, r a th e r  than 
r e f l e c t i n g  o r i g i n a l  d i f fe re n c e s  in  p r o t o l i t h .  Beds o f  meta-conglomerate 
have been described w i t h i n  hornblende gneiss in the Ruby Range (Smith , 
1980), bu t  no th ing resembling conglomerate was found in e i t h e r  study 
a re a .
The t y p i c a l  am ph ibo l i te  in both areas is  a dark-green to  b la c k ,  
medium-grained, w e l1- f o l i a t e d  rock w i th  th in  d iscont inuous laye rs  o f  
qua r tz  and f e ld s p a r ,  enveloped in a hornblende r i c h  m a tr ix  (F ig .  4 ) .  
Garnet , where p resen t ,  occurs as sca t te re d  porphyrob las ts  or  as t h in  
segregat ions on the border o f  the q u a r t z - fe ld s p a r  la y e rs .
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Figure 4. S t ro n g ly  banded am ph ibo l i te  from the K e l l y  area.
Figure 5. Metamorph ica l ly  enhanced massive amph ibo l i te  
from the Copper Mountain area.
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Mineral assemblages d ia g n o s t ic  o f  the g r a n u l i t e  fac ie s  ch a rac te r ize  
much o f  the am ph ib o l i te  and metabas i te .  The t y p i c a l  assemblage i s :
H ornb lende -p lag ioc lase -d iop s ide -hype rs the ne -qua r tz  + garne t .  
Hornblende forms 25 to  60 percent o f  the hornblende gneiss and s a l t -  
and-pepper v a r i e t i e s ,  and up to  90 percent  o f  the massive amph ibo l i te  
(Table 1, p. 11). Euhedral to  anhedral blades de f ine  the f o l i a t i o n  
and, in some cases a l i n e a t i o n .  Pleochroism va r ies  from a l i g h t  brown 
to  o l i v e  high temperature c o lo r ,  to  a b lue-green lower temperature 
c o lo r .  D iops ide,  a c t i n o l i t e  and ep ido te  commonly r im amphibole as an 
a l t e r a t i o n .
P lag ioc lase  comprises from 5 to  25 percent o f  most a m p h ib o l i t e s . 
Normally and re v e rs e ly  zoned c a l c i c  andesine and la b r a d o r i t e  are common. 
Undulose e x t i n c t i o n  and bent tw in lamel lae are the r e s u l t  o f  d e fo r ­
mation a f t e r  growth.
Quartz forms 5 to io  percent  o f  the  a m p h ib o l i te .  Grains are 
equant and anhedra l ,  commonly e longate  p a r a l l e l  to  composi t ional  
la y e r i n g ,  and m osa ica l ly  in te rgrown w i th  p la g io c la s e .
Both c l inopyroxene and or thopyroxene gra ins  are stubby and l o c a l l y  
undulose. Diopside is  pa le-green and hypersthene shows i t s  
c h a r a c t e r i s t i c  pink-brown to  pa le-green p leochro ism. Diopside is  less 
abundant in Copper Mountain (3 to  5 percen t)  than K e l ly  (5 to  15 
percen t)  a m p h ib o l i te s . Hypersthene commonly makes up 10 to 35 percent 
o f  the a m p h ib o l i t e s . The genet ic  r e la t i o n s h ip  between hypersthene and 
hornblende is  ambiguous in these rocks (Cordua, 1973). Hornblende
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c l e a r l y  replaces hypersthene in some t h in  s e c t io n s ,  whereas hornblende 
is  rep laced by hypersthene in o the r  t h i n  sec t ions .
Broken sigmoidal  garnets  are amoeboidal w i th  in c lu s io n s  o f  qu a r tz ,  
p la g io c la s e ,  and l o c a l l y  hornblende. F o l i a t i o n  commonly wraps around 
the po rphy rob las ts  which are p r e f e r e n t i a l l y  concentra ted a t  the margins 
o f  q u a r t z - f e ld s p a r  seg rega t ions .  T ra ins  o f  anhedral magneti te enclosed 
in  hornblende, make up 5 percen t  o f  severa l samples. Other accessory 
m inera ls  inc lude  a p a t i t e ,  b i o t i t e ,  c h l o r i t e ,  ep id o te ,  and c a l c i t e .
P e l i t i c  S ch is t
Aluminous s c h i s t  and sch is tose  gneiss composed o f  b i o t i t e ,  ga rne t ,  
s i l l i m a n i t e ,  q u a r tz ,  p la g io c la s e ,  and g raph i te ,  occur as t h i n  d iscon t inuous 
map u n i t s .  They are sha rp ly  i n t e r la y e r e d  w i th  q u a r t z i t e s  and c h e r t ,  
and a lso occur as t h i n ,  5 to  15 m - th ick  laye rs  w i t h i n  i r o n - f o r m a t i o n .
The more g e n is s ic ,  po o r ly  f o l i a t e d  v a r i e t i e s  grade i n t o  q u a r t z i t e s  in 
both areas. The c lose asso c ia t io n  o f  these s c h is ts  w i th  q u a r t z i t e  and 
marb le, and the presence o f  g r a p h i te ,  suggest a carbonaceous s i l i c e o u s  
shale as a p r o t o l i t h .
Although the s c h is ts  can be fo l lo w e d  along t r e n d ,  exposures are 
very  poor and weather r e a d i l y  to  a micaceous s o i l .  Since exposure is  
r a r e ,  the presence o f  s c h i s t  was in many cases i n fe r r e d  from s o i l ,  
f l o a t ,  and small  swales found w i t h i n  q u a r t z i t e s  du r ing  mapping. Poor 
exposure makes adequate est imates o f  th ickness  d i f f i c u l t .
Hand samples are commonly sch is tose  and medium-grained, l i g h t -  
brown to  g ray-wea ther ing  rocks (F ig .  5 ) .  Abundant s i l l i m a n i t e ,  ga rne t ,
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and b i o t i t e  are concentra ted in m i l l i m e t e r - t h i c k  bands which a l t e r n a te  
w i th  coarse q u a r t z - f e l  dspar segregat ions .  S ubpara l le l  bundles o f  
s i l l i m a n i t e  are arranged in  the f o l i a t i o n  o r  as ro s e t te s  l y i n g  on the 
f o l i a t i o n .  Anhedral ga rne ts ,  2 to  10 cm across are commonly rimmed by 
t h in  q u a r t z - f e ld s p a r  coronas. S o f t ,  d isseminated g ra p h i te  i s  observable 
in hand sample. Wei 1-developed i s o c l i n a l  f lo w  fo ld s  deform b i o t i t e ,  
s i l l i m a n i t e ,  and g r a p h i te ,  as well  as pe g m a t i t i c  s t r i n g e r s  which l o c a l l y  
t ransgress  the s c h i s t o s i t y .
The most common s c h is t  assemblage in both f i e l d  areas is  qu a r tz -  
b i o t i t e - g a r n e t - s i 11 im a n i te -p la g io c la s e  +_ K - fe ld s p a r .  These s i l l i m a n i t e -  
o r thoc la se  assemblages suggest the re a c t io n :
muscovite + quar tz  z—7 s i l l i m a n i t e  + K - fe ld spa r  + H2O (Evans, 1965), 
was im po r tan t .
Quartz makes up 30 percent o f  most samples as fo lded  wisps o f  
s e r ia te  g r a in s ,  and sutured aggregates o f  sm a l le r  anhedral g ra ins  
(Table 1, p. 11).
L ig h t - y e l lo w  to  da rk - red  b i o t i t e  imparts  a f o l i a t i o n  and makes up 
a q u a r te r  o f  the s c h i s t .  Z i rcons surrounded by halos are g e n e ra l l y  
inc luded .  Slender p r is m a t ic  bundles o f  s i l l i m a n i t e  nuc lea te  on the 
b i o t i t e  and are l o c a l l y  a l t e re d  to a greenish py roph y l1i t e . Both b i o t i t e  
and s i l l i m a n i t e  are c renu la ted  around m ic ro s c ip ic  fo ld s  but are not  
r e c r y s ta l  1ized i n to  polygonal arcs .
Large round to s p i r a l  garnets  are wrapped by the f o l i a t i o n  as wel l  
as coronas o f  coarse quar tz  and p la g io c la s e .  These anhedral porphyro­
b la s ts  are commonly p o i k i l i t i c  c o n ta in in g  i r r e g u l a r  q u a r tz ,  p la g io c la s e ,  
and b i o t i t e .
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Twinned and untwinned, andesine is  s l i g h t l y  undulose and 
s e r i c i t i z e d ,  whereas untwinned subhedral K - fe ld spa r  i s  una l te red .  
Pa lg ioc lase  and m ic ro c l in e  r a r e l y  make up more than 10 percent  o f  the 
schi St.
Crenulated gra ins  and s lender  rods o f  g ra ph i te  make up to  5 percent 
o f  some sec t ions .  Accessory m inera ls  inc lude  t races  o f  z i r c o n ,  a p a t i t e ,  
muscovi te , e p id o te ,  and magneti te .
The more g n e iss ic  s c h is ts  commonly con ta in  the assemblage qu a r tz -  
p l a g i o c l a s e - b i o t i t e - K - f e l d s p a r  +_ s i l l i m a n i t e .  Coarse-gra ined elongate 
qu a r tz  commonly forms h a l f  o f  the ro ck ,  w i th  twinned polygonal  p la g io ­
c lase forming another t h i r d .  Twinned p e r t h i t i c  m ic ro c l in e  r a r e l y  forms 
more than a t race  in Copper Mountain s c h i s t s ,  but may make up 30 pe r ­
cent in K e l ly  p e l i t e s .  C lus te rs  o f  o l ive -b row n b i o t i t e  are p a r t i a l l y  
a l t e r e d  to  c h l o r i t e .  A weak c renu la ted  f o l i a t i o n  can be d iscerned in 
some o f  these gne isses,  and l o c a l l y  a cross-mica f a b r i c  i s  we l l  
developed. Accessory m inera ls  inc lude a p a t i t e ,  muscovi te ,  s i l l i m a n i t e ,  
and magnet i te .
Quartz i  te
F o l ia te d ,  f i n e -  to  coa rse-gra ined  metamorphic q u a r t z i t e  i s  a con­
spicuous c o n s t i t u e n t  o f  the l i t h o l o g i c  sec t ion  exposed w i t h i n  both f i e l d  
areas. Mappable laye rs  o f  q u a r t z i t e  are present w i t h i n ,  and sur round ing ,  
s c h i s t s ,  am ph ibo l i te  and i ro n  fo rm a t ion .  Several lenses are commonly 
o r ie n te d  along a given s t r u c t u r a l  horizon (Cordua, 1973), which suggests
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an o r i g i n a l  de po s i t io na l  geometry which has been t e c t o n i c a l l y  pinched 
and dismembered. Thicknesses range from 5 to  150 meters in the purer  
c h e r t  lenses ,  to 10 to 200 meters in the micaceous v a r i e t y .  These 
q u a r t z i t e s  can be d is t in g u is h e d  on the bas is  o f  quar tz  con ten t .
Prominent r idges in both areas are he ld up by fo lded  lenses o f  
pure m e ta -q u a r tz i te  o r  c h e r t ,  which is  composed o f  95 to  98 percent 
medium to  coarse g ra n u la r  quar tz  (F ig .  6 ) .  These v i t r e o u s  q u a r t z i t e s  
are commonly wh i te  to  l i g h t -b ro w n  but  l o c a l l y  take on a l i g h t - g r e e n  
c o lo r  from chrome mica ( f u c h s i t e ) .  From a d is tance these rocks appear 
s t r u c tu r e le s s  , bu t  upon c lo s e r  examina t ion ,  prove to  be banded w i th  
t h i n  la y e r in g  de f ined  by the a l t e r n a t i o n  o f  e longate rods and mull  ions 
o f  q u a r tz ,  and t h in  mi 11imeter-se lvages o f  mica (F ig .  7) . This bedding 
is  s i m i l a r  to  s t r u c tu re s  repor ted  in graded vo lcan ic  ash -che r t  beds in 
the Archean o f  no r the rn  Minnesota (Lavery ,  1972).
The lower surround ing h i l l s  w i t h in  the s tudy areas are capped w i th  
w e l l - f o l i a t e d , f i n e -  to  medium-grained, micaceous q u a r t z i t e .  These 
impure gray to  brown rocks commonly con ta in  45 to  60 percent qua r tz  and 
up to  a t h i r d  fe ld s p a r ,  which a l t e rn a te s  w i th  2 mm- to 1 cm - th ick  bands 
c o n ta in in g  b i o t i t e ,  muscovi te , s i l l i m a n i t e ,  and r a r e l y  k y a n i te ,  
m agne t i te ,  and g ra p h i te .  Brown to  ruby - red  garnets  commonly s c a t t e r  
th roughout the rock ,  l o c a l l y  making up 45 percent  o f  a garnet q u a r t z i t e .  
Although garne t  q u a r t z i t e  i s  not w e l l  exposed a t  Copper Mountain, a 
mappable band about 60 meters t h i c k  crops out  in the K e l ly  area. This 
garne t  q u a r t z i t e  conta ins  less b i o t i t e  and m ic r o c l i n e ,  and s l i g h t l y  
more p la g io c la se  than surround ing micaceous q u a r t z i t e s  (Dah l ,  1977).
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Figure 6. Thin r idg e  o f  massive, v i t r o u s  c h e r t  in the 
Copper Mountain area.
Figure 7. Outcrop showing bedding in che r t  a t  the Copper 
Mountain area.
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Thin sec t ions  (Table 1, p. 11) show the pure m e ta -q u a r tz i te  to  be 
composed o f  q u a r t z - m ic r o c l i n e - p la g io c la s e - m u s c o v i t e - b io t i t e -  
s i l l i m a n i t e .  N in e t y - f i v e  to  98 percent  o f  the rock is  composed o f  
moderate ly  to  ex tremely  undulose quar tz  showing a puzzlework e x t i n c t i o n ,  
in  an annealed mosaic o f  4 to  10 mm-long g ra ins .  Small round to  oblong 
p e r t h i t i c  m ic ro c l in e  and undulose p la g ioc la se  is  commonly enclosed 
w i th  q u a r tz .  Feldspar makes up about 5 percent  o f  the purer  q u a r t z i t e s .
Subhedral to  anhedral muscovite has overgrown some p lag io c lase  
g ra in s .  Or ien ted  b i o t i t e  makes up 5 percent  o f  most sec t ions .  Fiborous 
r a d ia t i n g  s i l l i m a n i t e  nuc leates on the b i o t i t e  as we l l  as growing as 
p r i s m a t i c  g ra ins  w i t h i n  small  f r a c tu re s  in quar tz  g ra in s .  Small 
rounded to oblong gra ins  o f  a p a t i t e  and z i rco n  are present in t ra ce  
amounts. Near i r o n - fo rm a t io n  these che r ts  a lso  con ta in  small  amounts 
o f  ga rne t ,  pyroxene, and magnet i te .
The banded micaceous q u a r t z i t e s  are c ha ra c te r ize d  by the assemblage 
q u a r t z - m ic r o c l i n e - g a r n e t - b io t i t e - p l a g io c l a s e  + c o r d i e r i t e  + s i l l i m a n i t e  + 
muscovite + k y a n i te .
Vary ing degrees o f  p o rp h y ro c la s t i c  to  m y lo n i t i c  te x tu re s  are present  
w i t h in  these q u a r t z i t e s .  Quartz commonly forms 25 to  60 pe rcen t ,  both 
as l a r g e r  (1 to  10 mm) anhedral undulose p o rp h y ro c la s ts , and f i n e r  
(0.1 to  0 .8  mm) anhedral gra ins which form pressure shadows around garnet 
and fe ld s p a r  (Table 1, p. 11). A d i s t i n c t  patchwork deformat ion f a b r i c  
(Boehm lam e l lae )  is  we l l  developed in  many quar tz  g ra in s .  Many o f  the
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q u a r t z i t e s  show t h i c k ,  con t inuous,  extremely undulose qua r tz  r ibbons 
and s t reaks  i n d i c a t i v e  o f  in tense f lowage du r ing  de form at ion .  These 
3 to  7 mm-thick r ibbons appear to  have enveloped m ic r o c l i n e ,  p la g io c la s e ,  
and f i n e - g r a in e d  quar tz  du r ing  f lowaqe. B i o t i t e ,  concentra ted along the 
boundaries o f  these undulose s t re a k s ,  forms about 10 percent o f  the 
rock.
Subhedral to  anhedral m ic ro c l in e  is  commonly s l i g h t l y  e longate  and 
p e r t h i t i c ,  e x h i b i t i n g  p la id  tw inn in g  which o f te n  has a somewhat p inched, 
undulose cha ra c te r .  Some o f  the la r g e r  g ra ins  have been broken as 
evidenced by o f f s e t  and ro ta te d  tw inn in g .  Twinned, zoned and unzoned 
p la g io c la s e  is  subhedral and shows vary ing  degrees o f  s e r i c i t i z a t i o n .
Pink garnet  p o rp h y ro b la s ts , 0.5  to  1.0 mm across ,  are t y p i c a l l y  
weakly h e l i c i t i c ,  p rese rv ing  a r e l i c t  s w i r le d  f o l i a t i o n  as o r ie n te d  
in c lu s io n s  o f  q u a r tz ,  b i o t i t e ,  and s i l l i m a n i t e .  These anhedral garnets 
are commonly i n c i p i e n t l y  a l t e r e d  to  c h l o r i t e .  Percentages vary from 
3 to  10 percent  in  micaceous q u a r t z i t e s ,  up to  45 percent in garnet 
q u a r t z i  te .
C o r d ie r i t e  can be found in a few o f  the K e l ly  samples as sm a l l ,  
undulose subhedra which form coronas around ga rne t ,  and con ta in  b i o t i t e  
and s i l l i m a n i t e .  S i l l i m a n i t e  can be found in some samples o f  q u a r t z i t e  
from both f i e l d  areas as s m a l l ,  p r i s m a t i c ,  o r ie n te d  gra ins  assoc ia ted 
w i th  b i o t i t e  and m ic ro c l in e .  One or two rounded gra ins  o f  r e l i c t  
k yan i te  are found near,  as we l l  as enclosed w i t h i n ,  s i l l i m a n i t e  g ra in s .
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The rounded h a b i t  and r a r i t y  o f  t h i s  kyan i te  suggests t h a t  i t  i s  
metastable w i th  respect  to  s i l l i m a n i t e  (Dahl , 1977). Traces o f  rounded 
a p a t i t e  and z i r c o n ,  t h i n  rods o f  m agne t i te ,  r u t i l e ,  and carbonate can 
a lso  be observed in most samples.
I ro n - fo rm a t io n
Massive and banded i r o n - fo rm a t io n  crops out  as small  pods and 
fo ld ed  l e n t i c u l a r  bodies th roughout much o f  the  h igh-grade t e r r a i n  in 
Montana. The Copper Mountain i r o n - fo rm a t io n  i s  the most ex tens ive  
o f  those w i t h i n  the Tobacco Root Mountains w i th  a s t r i k e  leng th  o f  
about 10 km, and an average th ickness  o f  40 m. The K e l l y  i r o n - fo rm a t io n  
forms severa l  d iscon t inuous  bands some 10-50 meters t h i c k  which snake 
across 5 km o f  the Ruby Range.
Outcrops are commonly fragmented,  deeply weathered, and poo r ly  
exposed except where they have been exhumed by e x p lo ra t io n  trenches o r  
roads (F ig .  8 ) .  In some cases a weathered rubble  o f  dense red-brown 
f l o a t  i s  p resen t ,  whereas o th e r  outcrops form small  faces w i th  
m a g n i f i c e n t l y  etched small  scale i s o c l i n a l  to  open fo ld s  (F ig .  9 ) .
A d i s t i n c t i v e  b r i g h t  red-brown s o i l  commonly marks outcrops as do 
la rge  redd ish  ant h i l l s  which prov ide e x c e l le n t  minera l  separates o f  
the u n i t .
Observat ions o f  i r o n - fo rm a t io n  and immediate ly surrounding 
l i t h o l o g i e s ,  both where trenched and n a t u r a l l y  exposed, a l lowed com­
p o s i te  h o r i z o n ta l  l i t h o l o g i c  sec t ions  (F ig .  10) to  be drawn f o r  both 
f i e l d  areas. Sections in both areas are e s s e n t i a l l y  i d e n t i c a l .  The
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Figure 8. Trench showing fo lded  i r o n - fo rm a t io n  ( top )  grading 
in to  p e l i t i c  s c h i s t ,  and under ly ing  micaceous 
q u a r t z i t e  a t  Copper Mountain.
Figure 9. Well developed F2 f o ld s  in the K e l l y  i r o n - f o r m a t io n .
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Figure io Composite cartoon showing lithologic sequence surrounding banded 
iron-formations at the Copper Mountain and Kelly areas. The 
thickness of units and degree of exposure vary considerably.
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i r o n - fo r m a t io n  i s  conformable w i t h i n  a w h i te  to  brown, medium-grained 
q u a r t z i t e  and l o c a l l y  grades i n t o  1 to  5 m e te r - th i c k  in te rbeds  o f  
g a r n e t - b i o t i t e - s i 11iman i te  s c h i s t .  The s c h i s t  i s  ex t rem e ly  f r i a b l e  
w i t h  zones made up almost  e n t i r e l y  o f  red garnets  up to  a cm across 
w i t h i n  a reddish-brown micaceous powder. Massive to  bedded, v i t r e o u s  
w h i te - to -b ro w n  che r ts  are a lso i n t im a t e l y  in terbedded w i th  both i r o n -  
fo rm a t ion  and s c h i s t  as w e l l  as o v e r l y in g  a m p h ib o l i t e s .
These i r o n - fo rm a t io n s  c o n s is t  p r im a r i l y  o f  i n t e r l a y e r e d  quar tz  
and magneti te  and commonly con ta in  abundant red ga rn e t ,  green to  b lack 
hypersthene, c l in o p y ro x e n e , and hornblende. D i f f e r e n t i a l  weather ing 
o f  qua r tz  and i ro n  s i l i c a t e s  commonly creates a pronounced banding 
which is  undoubtedly an o r i g i n a l  t e x t u r e ,  p o s s ib ly  accentuated by 
metamorphic d i f f e r e n t i a t i o n .  In gene ra l ,  banding i s  on ly  moderate ly  
developed a l though very d e l i c a t e  banding i s  preserved in several 
p laces ,  p a r t i c u l a r l y  w i t h i n  the K e l l y  area. In te rn a l  c o n to r t io n s  in 
banding are observable in po l ished  s e c t io n s .  A l though such c o n to r t io n s  
in banding are o f te n  a t t r i b u t e d  to  s o f t -sed im e n t  de format ion  or 
p u ls in g  vo lc a n ic  imput o f  s i l i c a  and i ron  (S tan ton ,  1972),  in t h i s  
area,  they seem to  be a simple r e s u l t  o f  f o l d i n g  and shear ing dur ing 
d e fo rm a t io n .
The more massive i r o n - fo rm a t io n s  in both study areas commonly 
con ta in  less m agne t i te ,  and more amphibole, pyroxene, and garnet  as 
po rphy rob las ts  up to 5 cm across. These massive v a r i e t i e s  o f te n  take 
on an almost  s k a r n - l i k e  appearance in hand sample. Dahl (1977)
30
f i r s t  noted the presence o f  both quar tz  i r o n - fo rm a t io n  and garne t  
i r o n - fo rm a t io n  in  the K e l l y  area,  w i th  a " g e n e ra l l y  lower modal quar tz  
and h ig h e r  modal magnet i te"  in  the l a t t e r .  The quar tz  i r o n - fo rm a t io n  
assemblage co n s is ts  o f  q u a r tz -m a g n e t i te - fe r ro a u g i te -h y p e rs th e n e  + 
hornblende +_ g r u n e r i te  + ga rne t .  The garne t  i r o n - fo rm a t io n  assemblage 
i s  t y p i f i e d  by q u a r tz -m a g n e t i t e -g a rn e t - fe r ro a u g i te -h y p e rs th e n e  + 
hornblende + g r u n e r i t e .
Quartz occurs as annealed e longa te ,  g ra ins  up to  0.5 mm across 
which are segregated in bands up to  3 mm t h i c k ,  o r  sca t te re d  throughout 
the more ferromagnesian laye rs  (Table 1, p. 11). Quartz i s  coa rse r -  
g ra ined and more undulose in  the massive i r o n - f o r m a t io n s , perhaps as a 
r e s u l t  o f  r e c r y s ta l  1iz a t i o n  which has a lso  destroyed much o f  the f i n e  
1a y e r i n g .
Magneti te  forms la rge  (1 to 3 mm) e longate g ra ins  t y p i c a l l y  
connected in  d iscon t inuous  bands which embay o r  are in fo ld e d  w i t h i n  
q u a r tz ,  ga rne t ,  and pyroxene. Smal ler  (0 .3  to  0 .8  mm) anhedral g ra ins  
commonly form o r ie n te d  t r a i n s  or  random in te rg row ths  w i t h in  g a rne t ,  
pyroxene, and amphibole. S k e le ta l ,  n e e d le - l i k e  g ra ins  can be observed 
in  some samples.
S t ro n g ly  f r a c t u r e d ,  salmon to p ink garnets  are commonly p o i k i l i t i c  
c o n ta in in g  quar tz  and magnet i te .  They are rounded to oblong in shape, 
and are com p le te ly  embayed by pyroxene in some samples. Garnet forms 
35 to  50 percen t  o f  most i r o n - f o r m a t i o n s , a l though severa l quar tz  i r o n -  
fo rm a t io ns  in the K e l l y  area con ta in  no ga rne t .
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Subhedral to anhedral pyroxene gra ins  compose h a l f  o f  the rock .
Clinopyroxene ( f e r r o a u g i t e  o r  s a l i t e )  i s  s l i g h t l y  p le och ro ic  pa le -  
green whereas or thopyroxene ( fe r ro hype rs thene )  i s  p le och ro ic  l i g h t  
green to  l i g h t  p ink  w i th  an i n c l i n e d  e x t i n c t i o n  o f  a few degrees. Both 
pyroxenes are f r a c t u r e d ,  and rimmed o r  rep laced by secondary dark-green 
hornblende and asb es t i fo rm  g r u n e r i t e .
U l t r a m a f ic  Rocks
Subdued dark-green to  g rey ,  to  redd ish-brown-weather ing  outcrops 
o f  s e rp e n t in iz e d  p e r i d o t i t e  and minor py roxen i te  are present  in both 
s tudy areas. These knobby u l t r a m a f i c  outcrops are o f te n  e longate  
to  e l l i p t i c a l  in  o u t l i n e ,  w i th  sharp con tac ts  showing narrow shear 
rh inds  and s l i c k e n s id e d  serpen t ine  where w e l l  exposed. These bodies 
p a r a l l e l  the reg iona l  f o l i a t i o n  o f  both areas,  and c h a r a c t e r i s t i c a l l y  
im par t  t h e i r  dark o l i v e  c o lo r  to  the surrounding s o i l .
Several small  p e r i d o t i t e  pods crop out  in  the nor thern  p o r t io n  
o f  the K e l l y  area along the  ax is  o f  a small  up fau l ted  b lock .  Py­
ro x e n i te  outc rops on the o rde r  o f  10 meters across are a lso  sca t te re d  
th roughout  the area. Three small u l t r a m a f i c  bodies were mapped w i t h i n  
the Copper Mountain area, the la rg e s t  o f  which forms an e l l i p t i c a l  mass 
w i t h i n  q u a r t z i t e  on Copper Mountain i t s e l f  (P la te  1) .
C ro s s - f i b e r  s e rpe n t ine ,  o l i v i n e ,  o r thopy roxene , hornblende and 
garne t  can be d is t i n g u is h e d  in hand samples o f  p e r i d o t i t e .  These 
hazburg i tes  are massive, dark and medium-grained, except where 
amphibole is  abundant and creates a f a i n t  s t reaky  f o l i a t i o n .
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In t h in  s e c t io n ,  (Table 2) o r i g i n a l  te x tu re s  are masked by ex­
te n s ive  s e r p e n t i n i z a t i o n . C lose ly  spaced s e r p e n t i n e - f i l l e d  f r a c tu r e s  
are s t r i k i n g  in  t h in  s e c t io n .  C ro s s - f i b e r  c r y s o t i l e  and r a d ia t i n g  
l i z a r d i t e  comprise 35 percen t  o f  most samples. Rounded g ra ins  o f  
f o r s t e r i t e  up to 0 .3  mm in d iameter make up about one t h i r d  o f  the 
ro ck ,  and are g e n e ra l l y  rep laced by s e rpen t ine ,  o r  rimmed by brown 
id d in g s i  t e .
Hypersthene and e n s t a t i t e  are subrounded, c o lo r le s s  to  p le och ro ic  
l i g h t  p in k ,  and p a r t i a l l y  a l t e r e d  to  se rpe n t ine .  A c t i n o l i t e  and 
o l i v i n e  are commonly enclosed in or thopyroxene. Pale p le o ch ro ic  green 
hornblende forms less  than 25 percent  o f  the rock and shows sharp 
g ra in  boundar ies w i th  l i g h t - g r e e n  subhedral d io p s ide .  A few g ra ins  
o f  p la g io c la s e  are present w i t h i n  amphibole in  Copper Mountain 
p e r i d o t i  t e s .
P leonaste ,  an iron-magnesiurn s p in e l ,  forms dark-green subrounded 
g ra ins  which are in te rgrown w i th  unor ien ted  p h lo g o p i te .  Garnet i s  in 
small  broken po rph y rob las ts  which are p a r t i a l l y  c h l o r i t i z e d .  Magneti te 
forms ragged g ra ins  and ladders  in te rgrown w i th  o l i v i n e .  Carbonate, 
a n t h o p h y l l i t e , c h l o r i t e ,  d io p s id e ,  and ph logop i te  are common re p la c e ­
ment assemblages in most p e r i d o t i t e s .
The m e ta -pyroxen i tes  are b la c k , dense, f i n e -  to  coa rse-g ra ined  rocks 
composed ma in ly  o f  o r thop y roxene , hornb lende, and d io p s id e ,  a t y p i c a l  
g r a n u l i t e  f a c ie s  assemblage. They are d i f f i c u l t  to  d i s t i n g u i s h  from 
massive am ph ibo l i te  in hand sample. Outcrops are subdued and rounded 
and are commonly 10 to  20 meters across.
Table 2
Visually Estimated Modes For Study Area Lithologies
Mineral (%) Peridotite Pyroxenite Peqmat ite Diabase Quartz Diorite Granodiorite Feldspar Porphyry
Quartz 10-15 1-5 10 10-20 30
Plagioclase 0-3 3-7 40-50 30-50 50-55 10-20
^ 7 0 - 7 5 ^ 3 0 - 6 0 ^ 3 0 - 4 0 ^ 4 0 - 4 5
K-Feldspar 70-80 0-5 7-10 5-7
Diopside-Salite Tr-15 1-3
(Ferro)-Augi te 3-10 30-40
(Ferro)-Hypersthene 0-10 25-40
Enstatite 10-25 0-15
Hornblende 10-30 5-60 2-5 0-20 10-15
Trerolite-Actinolite 1-5 Tr-1
Anthophvllite Tr-1
0 1 ivine 5-35
Calcite 0-5 Tr Tr
Muscovite 1 Tr
Biotite Tr-1 1-3 1-5 3-5 5-7
Phlogopite Tr-5
Garnet Tr-1 Tr-3 Tr-1
Magnetite Tr-15 3-10 Tr 1-3 2-5 Tr-3 3
IImenite Tr
Zircon Tr Tr
Apatite Tr Tr Tr
Sphene 1 Tr Tr
Serpentine 5-40 3-10
Sericite Tr-1 3-5 20
Chlorite Tr-3 Tr-5 Tr-1 Tr 10
Epidote Tr-2 Tr
Hematite Tr
Pleonaste Tr-1 Tr-5
No. of samplas 4 3 2 2 3
2 ■
2
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C o lo r less  to  pale p ink  or thopyroxene comprises as much as 
40 percen t  o f  the rock (Table 2 ,  p. 33). L ineated hypersthene and 
e n s t a t i t e  are p o i k i l i t i c  c o n ta in in g  one another as w e l l  as magne t i te ,  
and d io p s id e .  They r a r e l y  form more than 5 percent  o f  the rock .  
Pale-green d iops ide  is  minor in most t h i n - s e c t i o n s  a l though Dahl (1977) 
has descr ibed a py roxen i te  from the K e l l y  area as a mix o f  50 percent 
hornb lende, and 50 percen t  d io p s id e .  Hornblende (o r  in some cases 
ed e n i te ,  a N a - r i c h ,  Fe- f ree  hornblende) makes up 60 percen t  o f  some 
samples. P a le -ye l lo w  c r o s s - c u t t i n g  v e in le t s  o f  se rpen t ine  con ta in in g  
secondary m agne t i te ,  form as much as 5 percen t  o f  p y ro x e n i te s ,  much 
less  than in  p e r i d o t i t e s  because o f  the lack o f  o l i v i n e .  Minor 
p h lo g o p i te ,  ga rne t ,  c h l o r i t e ,  and carbonate are a lso  present  as 
accessor ies  in most p y roxen i tes .
Workers in both the Tobacco Roots (T e n d a l l ,  1978) and Ruby Range 
(Desmarais, 1978) argue’ t h a t  sharp c o n ta c ts ,  narrow shear r h in d s ,  and 
a general lack  o f  f o l i a t i o n  are s t rong  evidence in  fa v o r  o f  co ld  te c to n ic  
emplacement f o r  these u l t r a m a f i c  bodies.
Pegmati te
Pegmatite veins and s t r i n g e r s  a few cen t im ete rs  t h i c k ,  to  small  
lenses and pods up to  20 meters across were observed in both areas.
They are t y p i c a l l y  p ink  medium- to coarse-gra ined  rocks showing 
c a t a c l a s t i c ,  g rap h ic ,  and g n e is s ic  t e x t u r e .  About 95 percent  o f  the 
rock is  composed o f  p ink  m ic ro c l in e  (75 percent)  and g r a p h ic a l l y  
in te rg rown quar tz  and p la g io c la s e  (25 percen t)  w i th  minor amounts o f
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muscov i te ,  b i o t i t e ,  and anhedral garnet (Table 2, p. 33). Both f o l i a t e d  
and massive v a r i e t i e s  are presen t .
Most pegmati tes are con f ined  to  the q u a r t z o - f e ld s p a t h i c  gneiss 
as pods, s t r i n g e r s ,  and ta b u la r  masses up to  several meters across.
In the K e l l y  area ,  pegmati tes can a lso  be found w i t h i n  q u a r t z i t e  and as 
t h i n  fo ld ed  s t reaks  w i t h in  a m ph ib o l i te .  A l l  occurrences in both areas 
are concordant w i th  re g iona l  s t r u c tu r e  and surround ing l i t h o l o g y  and 
may have been de r ived  by lo ca l  a n a te c t i c  m e l t in g .
D isco rdan t ,  u n fo l i a t e d  pegmati tes have been repor ted  from o th e r  
p o r t io n s  o f  both ranges. Many o f  these may be post-metamorphism, 
i n t r u d in g  du r ing  l a t e  Cretaceous p lu to n i c  a c t i v i t y  r e la te d  to  emplace­
ment o f  the Tobacco Root b a t h o l i t h .
Meta-diabase
Th in ,  g r e e n is h -g re y , P ro te ro z o ic  diabase d ikes  from 10-40 meters 
t h i c k ,  c ro s s -c u t  the reg iona l  f o l i a t i o n  in  the Copper Mountain area 
and to  the south o f  the K e l l y  area. At Copper Mounta in, diabase is  
best exposed in  sec t ions  2 and 11 where t h in  l i n e a r  r i b s  cu t  sha rp ly  
across the q u a r to z o fe ld s p a th ic  gneiss.  These 5 to  10 m e te r - th ic k  
d ikes  weather brown to rus t -o range  and commonly d i s p la y  c h i l l e d  margins 
up to  0.5 m t h i c k .
In t h in  sec t io n  (Table 2, p. 33) twinned and zoned su b o p h i t i c  
p la g io c la s e  (1a b ra d o r i t e )  and au g i te  compose about 40 percent o f  the 
ro ck .  Most o f  the p la g io c lase  i s  overgrown w i th  s e r i c i t e  and e p id o te ,
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and much o f  the au g i te  is  rimmed by deep b lue-g reen hornb lende, 
c h l o r i t e ,  and b i o t i t e .  Anhedral to  subhedral quar tz  and m ic ro c l in e  
are i n t e r s t i t i a l  and make up about 10 percent  o f  the rock .  Magneti te  
dust o r  small  d isseminated g ra ins  make up as much as 5 percent  o f  the 
rock .  Carbonate and ep idote  comprise a small percentage as pervas ive 
a l t e r a t i o n  p roduc ts .  A thorough pe t rog rap h ic  d e s c r ip t i o n  o f  Tobacco 
Root diabase d ikes is  given by Koehler (1972).
Three sets o f  d ikes were emplaced in the Tobacco Root-Ruby Range 
area du r ing  the l a t e  Precambrian (Koeh ler ,  1972; Wooden and o th e rs ,  
1978). Dikes in the southern Tobacco Roots were emplaced around 
1455 Ma. and are c o m p o s i t io n a l l y  e q u iv a le n t  to  low-K t h o l e i i t e .  The 
o th e r  two sets  are h igh-K  quar tz  normative types which in t ru de d  about 
1300 Ma.
Most workers ( e . g . ,  Burger, 1969; Koeh ler ,  1972) suggest t h a t  
s t r u c t u r a l  weakness c o n t r o l l e d  the emplacement o f  the diabase as many 
d ikes t rend rough ly  N 75° W. Dikes w i t h ,  as w e l l  as w i t h o u t ,  t h i s  
general t rend  can be found in the Copper Mountain area.
Paleozoic  Rocks
Paleozo ic  sedimentary rocks are not present in the Copper Mountain 
study area but do o v e r l i e ,  and form a f a u l t e d  boundary on three sides 
o f  the K e l l y  area (P la te  2 ) .  These sedimentary rocks are not 
d i f f e r e n t i a t e d  on the geo log ic  map but inc lude  a r e l a t i v e l y  t h i c k  
sequence o f  sandstones,  do lo m i te s ,  and shales which range in  age from 
middle-Cambrian to  m idd le -Pennsy lvan ian .  An e x c e l le n t  d iscuss ion  o f
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the pe t ro lo gy  and s t r u c t u r e  w i t h i n  t h i s  sequence is  p rov ided by 
Tysdal (1970).
C re ta c e o u s -T e r t ia ry  In t ru s io n s
Small i s o la t e d  and i r r e g u l a r  i n t r u s i v e  bodies g e n e t i c a l l y  r e la te d  
to  the Tobacco Root b a t h o l i t h  occur w i t h in  both s tudy areas. Three 
small  pods o f  qua r tz  d i o r i t e  w i t h i n  s e c t io n  25, comprise the  on ly  
i n t r u s i v e  phases w i t h i n  the K e l l y  area. Two o f  these bodies are less  
than 30 meters in  d iamete r ,  whereas the t h i r d  measures 90 meters long 
by 150 meters wide. A small d i f f e r e n t i a t e d  s to c k ,  approx imate ly  
450 meters wide by 900 meters long ,  in t rude s  the c e n t ra l  p o r t io n  o f  
the  Copper Mountain s tudy area. Quartz d i o r i t e  and minor g r a n o d io r i t e  
are present  w i t h i n  t h i s  s tock  which is  bordered by a few small  patches 
o f  h ig h ly  a l t e r e d  fe ld s p a r  porphyry .  The meager copper m in e r a l i z a t i o n  
from which Copper Mountain de r ives  i t s  name, i s  commonly a t t r i b u t e d  to  
f l u i d s  assoc ia ted  w i th  t h i s  stock (Levandowski, 1956; V i t a l i a n o  and 
Cordua, 1979).
The qu a r tz  d i o r i t e  forms r e s i s t a n t  and j o i n t e d ,  l i g h t - c o l o r e d  
ou tc rops  in  both areas. Hand samples are massive, f i n e -  to  medium- 
t r a in e d  rocks composed o f  i n t e r l o c k i n g  quar tz  and p la g io c la s e ,  and 
un o r ien ted  b i o t i t e .  In t h i n - s e c t i o n  (Table 2, p. 33) p la g io c la s e  i s  
undulose and commonly e x h ib i t s  bent tw in  lame l lae .  Subhedral qua r tz  
and a n t i p e r t h i t i c  o l ig o c la s e  make up about 90 percent  o f  the rock.  
Quartz and p la g io c la s e  e x h i b i t  bimodal g ra in  s izes and te x tu re s  
sugges t ive  o f  c a t a c l a s t i c  de fo rm a t ion .  Subhedral hornb lende,
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unor ien ted  l i g h t -b ro w n  b i o t i t e ,  anhedral magneti te  and accessory 
z i r c o n  make up the o th e r  10 pe rcen t .
G ra n o d io r i te  and f e ld s p a r  porphyry cou ld not be found in  the 
Copper Mountain area.  The f e ld s p a r  porphyry i s  a l i g h t - g r e e n  where 
f r e s h ,  to  l i g h t -b ro w n  where weathered. Abundant f e ld s p a r  phenocrysts 
up to  5 mm across are se t  in an a p h a n i t i c  groundmass. In t h i n - s e c t i o n  
(Table 2, p. 33) the porphyry con ta ins  la rge  zoned p la g ioc la se  
phenocrysts .  P leo ch ro ic  l i g h t - g r e e n  hornblende makes up about 10 percent  
o f  the rock and is  commonly rimmed o r  overgrown w i th  c h l o r i t e .  Quartz 
is  undulose in small  anhedral g ra in s .  A few percent  o f  l i g h t -b ro w n  
b i o t i t e  is  randomly o r ie n te d  throughout  the rock .  H a l f  o f  the  rock is  
composed o f  a very  f i n e - g r a in e d  a l t e r e d  groundmass c o n ta in in g  q u a r tz ,  
p la g io c la s e ,  b i o t i t e ,  s e r i c i t e ,  and c h l o r i t e .
A small  amount o f  g r a n o d io r i t e  is  present w i t h i n  the Copper 
Mountain s tock .  I t  con ta ins  more K - fe ld s p a r  and less hornblende than 
the quar tz  d i o r i t e .  Anhedral twinned m ic ro c l in e  makes up 7 to  10 pe r ­
cen t  o f  the rock ,  w i th  p le o c h ro ic  s traw to g reen -co lo red  po rphy rob las ts  
o f  hornblende making up another q u a r te r  o f  the rock .  H a l f  o f  the rock 
is composed o f  euhedral , tw inned and zoned p la g io c la s e .  Quartz i s  
undulose and commonly makes up about one t h i r d  o f  the rock .  L i g h t -  
brown b i o t i t e  is  randomly o r ie n te d  and commonly c h l o r i t i z e d .  Accessory 
subhedral magne t i te ,  muscovite and z i r co n  form up to  5 percent  o f  the 
r o c k .
CHAPTER I I I  
METAMORPHISM
E q u i l i b r iu m  minera l  assemblages determined from examination 
o f  some 90 t h i n - s e c t i o n s , suggest t h a t  Archean l i t h o l o g i e s  w i t h i n  the 
southern Tobacco Root and no r the rn  Ruby Ranges underwent metamor­
phism which s t ra d d le d  the  upper -am ph ibo l i te  l o w e r - g r a n u l i t e -g ra d e  
boundary. Much o f  the Montana basement endured s i m i l a r  c o n d i t io n s  
i n c lu d in g  the Highland (Gordon, 1979), Madison (Thompson, 1969), 
and Bear too th  Ranges (Van DeKamp, 1969). The f o l l o w in g  assemblages 
occur in the Copper Mountain and K e l l y  s tudy areas:
Q u a r tz o fe ld s p a th ic  Gneiss
qu ar tz -p ia g io c la s e -K - fe ld sp a r -au g i te -b io t i  te
q u a r t z - K - fe ld s p a r - p la g io c la s e  +_ garnet  +_ b i o t i t e  + hornblende +_ 
s i l l  iman i te
q u a r t z - g a r n e t - p i a g io c l a s e - b i o t i t e - a u g i  t e - m i c r o c l i  ne 
p la g io c la s e -h o rn b le n d e -a u g i te -q u a r tz  +_ b i o t i t e  + hypersthene 
(hornblende gneiss)
D o lo m i t i c  Marble
c a l c i t e - d o lo m i t e - f o r s t e r i t e - d i o p s i d e - s e r p e n t i n e  g ra p h i te  + 
qu a r tz  p la g io c la s e
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Amphi b o l i t e
h o rn b le n d e -p la g ioc la se -h ype rs the n e -q u a r tz  +_ aug i te  + magneti te  + 
ga rne t
ho rnb lende-hypers thene-m agne t i te -qua r tz  + b i o t i t e  
h o rn b le n d e -p la g io c la s e -q u a r tz -g a rn e t
Pure Q u a r tz i te  (C h e r t )
q u a r t z - m i c r o c l i n e - b i o t i t e - s i 11iman i te  + p la g io c la s e  + magneti te  + 
muscovi te
q u a r t z - s i l  1 iman i te  +_ m ic ro c l in e  
Micaceous Q u a r tz i te
q u a r t z - m i c r o c l i n e - p l a g i o c l a s e - b i o t i t e - g a r n e t  + muscovite + 
s i 11i man i te  + kyan i te
q u a r t z - p la g io c la s e - m ic r o c l  ine +_ garne t  + g rap h i te  
q u a r t z - p i a g io c l a s e - m ic r o c l i n e - g a r n e t - c o r d i e r i  te
g a r n e t - q u a r t z - b i o t i t e - p l a g io c l a s e - m ic r o c l  ine + s i l l i r n a n i t e  +_ magneti te  
P e l i t i c  S ch is t
q u a r t z - p l a g i o c l a s e - b i o t i t e  + garnet
q u a r t z - b i o t i t e - g a r n e t - s i l l i m a n i t e - p l a g i o c l a s e  + g raph i te  
q u a r t z - m i c r o c l i n e - p l a g i o c l a s e - b i o t i t e - g a r n e t - s i 11imani te  + magneti te
I ron -Form at ion
q u a r tz -g a rn e t -m a g n e t i te  +_ hypersthene + d iops ide
qu a r tz -m a g ne t i te -a u g i te -nyp e rs th e ne -h o rn b le n d e  + garnet  + g ru n e r i t e
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q u a r tz -g a rn e t -h yp e rs th en e -m a g ne t i te  +_ a n t h o p h y l l i t e  
hypers th ene -qu a r tz -m agne t i te -g a rn e t -h o rnb lende
Per i d o t i t e
h o rn b le n d e -a u g i te -h y p e rs th e n e -o l i v in e -s e rp e n t in e -m a g n e t i  te +_ 
p la g io c la s e
o l i v in e -h y p e rs th e n e -s e rp e n t in e -m a g n e t i t e  +_ garne t  + sp ine l  
Pyroxen i te
au g i te -h yp e rs th e n e -m a g n e t i te -s e rp e n t in e  + hornblende 
Diabase
p la g io c la s e -a u g i  te -q ua r tz -h o rn b le n d e
Var ious m in e ra lo g ic a l  and t e x t u r a l  c h a r a c t e r i s t i c s  o f  these rocks 
can a lso  be used to  q u a n t i f y  grade. These in c lu d e :
1) The presence o f  p e r t h i t i c  K - fe ld s p a r  in gne iss ,  i n d i c a t i n g  con­
d i t i o n s  which l o c a l l y  reached the g r a n u l i t e  grade.
2) M ig m a t i t i c  q u a r t z i t e  and gneiss suggest ing p l a s t i c  de format ion  
and c o n d i t io n s  a t  o r  above the minimum m e l t in g  curve o f  g r a n i t e .
3) R e l i c t  k y a n i te  which formed metastab ly  w i th  respec t  to  s i l l i m a n i t e  
in  q u a r t z i t e .
4) Hypersthene g ra ins  w i th  r e l i c t  hornblende cores in a m p h ib o l i te .
5) Dark o l i v e - g re e n  hornblende and deep-red p leochro ism in  b i o t i t e ,
6) Two-pyroxene i r o n - fo rm a t io n s  suggest ing metamorphism l o c a l l y  reached 
the or thopyroxene zone o f  the  g r a n u l i t e  fa c ie s .
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Prograde minera l  assemblages and t e x t u r a l  c r i t e r i a  suggest t h a t  
the f o l l o w in g  metamorphic re a c t io n s  may have been im po r ta n t :
Qu a r t z o f e ld s p a th i c  Gneiss
Ti b i o t i t e  + s i  I I im a n i te  + 2 qua r tz  *— 7 p y r a l s p i t e  + K - fe ld s p a r  + 
r u t i l e  + H^O
Ti b i o t i t e  + muscovite + qua r tz  ^— 7 K - fe ld s p a r  + garnet  + r u t i l e  + H2O 
Marble
t r e m o l i t e  + 3 c a l c i t e  ^— 7 4 d iops ide  + do lom ite  + CO2 + H2O (T urne r ,  
1968)
t r e m o l i t e  + 11 d o lo m i t e ^—7 8 f o r s t e r i t e  + 13 c a l c i t e  + 9 CO2 +
H20 (Metz, 1967)
Amphibol i  te
hornblende + a n o r th i t e  + hypersthene ^— ra lm and ine  + a u g i te  + a l b i t e  +
h2o
hornblende + almandine + 5 q u a r t z ^— 7 7 hypersthene + 3 p la g io c la s e  + 
H20 (DeWard, 1965)
or thopyroxene + p la g io c la s e  + H2o ^— 7 hornblende + almandine
3 or thopyroxene + 2 p la g io c la s e ^  7 aug i te  + 2 almandine + qua r tz
(M iy a s h i ro ,  1961)
Q u a r tz i te
muscovi te + q u a r t z ^ — 7s i  11 iman i te  + K - fe ld s p a r  + (Evans, 1965) 
muscovite + 6 qua r tz  + 2K ^ - —̂ 3  m ic ro c l in e  + 2H 
garne t  + s i l l  im an i te  ( k y a n i te )  + quar tz -^—^ c o r d i e r i t e
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b i o t i t e  + q u a r tz ^  / s i l l i m a n i t e  + garnet  + K - fe ld s p a r  + H2O
P e l i t i c  S ch is t
b i o t i t e  + q u a r tz ^  7 s i l l i m a n i t e  + garnet  + K - fe ld s p a r  + H2O
muscovite + q u a r t z ^  ^ s i l l i m a n i t e  + K - fe ld s p a r  + H2O (Evans, 1965)
3 k v a n i t e ^  73 s i l l  iman i te
M e ta -u l t ra m a f ic  rocks
f o r s t e r i t e  + t r e m o l i t e ^ — 7 d iops ide  + e n s t a t i t e  + H2O
t r e m o l i t e  + 2 s p i n e l ^  73 f o r s t e r i t e  + e n s t a t i t e  + 2 a n o r t h i t e  +
2 H20
I r o n - fo rm a t io n
a n tho p h y l1 i t e  z— 7 e n s t a t i t e  + qua r tz  + H2O
Hydrous re t rog rad e  g ree n sch is t  fa c ie s  m ine ra ls  were developed 
a f t e r  emplacement o f  P ro te ro z o ic  diabase d ikes and be fore  de po s i t io n  
o f  o v e r l y in g  Pa leozo ic  rocks .  The f o l l o w in g  re t rog rade  r e la t i o n s h ip s  
are common:
c h l o r i t e  ( a f t e r  g a rn e t ,  b i o t i t e ,  hornblende) 
ep ido te  ( a f t e r  a u g i te ,  p la g io c la s e ,  hornblende) 
s e r i c i t e  ( a f t e r  p la g io c la s e ,  K - fe ld s p a r )  
sphene ( a f t e r  r u t i l e  and i lm e n i t e )  
c o r d i e r i t e  ( a f t e r  ga rne t )
se rpen t ine  ( a f t e r  o l i v i n e ,  o r thopy roxene , d iops ide )  
t r e m o l i t e - a c t i n o l i t e  ( a f t e r  hypersthene,  hornblende)
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d iops ide  ( a f t e r  hornblende) 
g r u n e r i t e  ( a f t e r  hornblende)
carbonate  ( a f t e r  p la g io c la s e )
sp ine l  ( a f t e r  magne t i te )  
muscovite ( a f t e r  hornblende) 
hemat i te  ( a f t e r  magne t i te )
A r a th e r  open ended Pressure-Temperature f i e l d  can be drawn on the 
bas is  o f  minera l  breakdown, and the  f i r s t  appearance o f  severa l  meta-
morphic m ine ra ls  in these assemblages. When t h i s  f i e l d  i s  r e c o n c i le d
w i t h  c o n d i t io n s  suggested by e le c t ro n  microprobe analyses o f  i r o n -  
fo rm a t ion  by Dahl (1977) and Immega and K le in  (1976),  two small  t r i a n g l e s  
re p resen t  the best  es t im ate  f o r  prograde metamorphism w i t h i n  the Copper 
Mountain and K e l l y  areas (F ig .  11).  Copper Mountain c o n d i t io n s  appear 
to  have been s l i g h t l y  lower (700-750°C, 4-6 kbar)  than the K e l l y  area 
(750-800°C, 6-8 k b a r ) .  A common boundary e x i s t s  a t  about 750°C and 
6 kbar which would correspond to  a depth o f  metamorphism between 20 
and 25 k i lo m e te rs  (T u rne r ,  1981).
The spo rad ic  occurrences o f  g r a n u l i t e  minera logy common w i t h i n  
a m p h ib o l i t e ,  m e ta -p y ro x e n i te , and i r o n - fo rm a t io n  have been taken as 
evidence o f  an e a r l y  g r a n u l i t e  f a c ie s  metamorphism which has been a l l  
bu t  o b l i t e r a t e d  by a l a t e r  up pe r -am ph ibo l i te -g rade  event ( e . g . ,  Reid, 
1963; Cordua, 1973). These two metamorphic events are commonly 
c o r r e la t e d  w i th  the 2750 Ma. and 1660 Ma. ra d io m e t r i c  dates ob ta ined 
from these ranges. Other w orke rs ,  in c lu d in g  t h i s  w r i t e r ,  suggest a
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Figure 11.
500 600 700 900800
TEMPERATURE (°C)
Pressure-temperature diagram showing meta- 
morphic conditions achieved in the study areas 
based upon mineral breakdown (A), and fields 
determined for the Copper Mountain (B) (Immega 
and Klein, 1976) , and Kelly (C) (Dahl, 1978) 
iron-formations. Reactions shown are from 
Hyndman (1972) :
Ky r And * — r  Sill
Minimum melting curve of granite
Muse + Qtz ^  Ksp + Sill + H20
Formation of hypersthene
Ksp r Perthite
Anth ^  Enst + Qtz + H O
Breakdown of hornblende + quartz
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s in g le  event  h i s t o r y ,  w i th  g r a n u l i t e  f a c ie s  assemblages re p re sen t in g  
l o c a l l y  d r i e r  rocks where PH2O < Pload d u r ing  upper -am ph ibo l i te  
metamorphism ( e . g . ,  Gar ihan, 1973). The 1600 Ma. dates may rep resen t  
a second g ree n sch is t  fa c ie s  metamorphism, which has o v e rp r in te d  much 
o f  the  re g io n .
CHAPTER IV 
STRUCTURE
At l e a s t  two de fo rm at iona l  events have been recognized across 
the Tobacco Root (Burger ,  1967; G i l l m e i s t e r ,  1971: V i t a l i a n o  and 
Cordua, 1979) and Ruby (Gar ihan,  1973; Smith , 1980) Ranges. F-j 
de fo rm at ion  c rea ted  t i g h t ,  i s o c l i n a l  to  recumbant f o ld s  w i th  s i m i l a r -  
s t y l e .  These i s o c l i n e s  are from a few cen t im ete rs  to  10 meters ac ross ,  
and are b e a u t i f u l l y  d isp la yed  th roughout  the q u a r t z - f e ld s p a r  gne iss ,  
a m p h ib o l i t e ,  and i r o n - fo r m a t io n  in the Copper Mountain and K e l l y  areas. 
An f£  event re fo ld e d  these i s o c l i n e s  in to  the broad, c y l i n d r i c a l  
f l e x u r e s ,  which form the s e r ie s  o f  a n t i  forms and synforms t h a t  bound 
and d e f in e  both s tudy areas (Table 3) .
Okuma (1971) found evidence o f  a s l i g h t  warping o f  f-j and fg 
axes, and Karasevich (1980) subd iv ided  f ]  and f ^  i n t o  f o u r  f o l d  
gene ra t ion s  in  the Ruby Range. No evidence o f  an f 3 o r  fq. event were 
encountered in the s tudy areas.
Major h ig h -a ng le  n o r th w e s t - t r e n d in g  f a u l t s  cu t  across the re g ion a l  
f o l i a t i o n  o f  both ranges, and in  some cases have c o n t r o l l e d  the em­
placement o f  P ro te ro z o ic  diabase d ikes (T y s d a l , 1971; Gar ihan,  1973; 
V i t a l i a n o  and Cordua, 1979). Several n o r th e a s t - t r e n d in g  f a u l t s  
t ru nca te  a g a in s t  these nor thwest  s t r u c t u r e s ,  and sm a l le r  f a u l t s  o f  
v a r ia b le  t rend  are a lso  s c a t te re d  th roughout  both ranges. Exposure 
o f  f a u l t s  is  g e n e r a l l y  poor in the s tudy areas,  w i th  l o c a t io n s  based
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Table 3.
Comparison of Precambrian Folding Events Postulated 
For the Tobacco Root and Ruby Ranges
Tobacco Root Range 
(Burger, 19 6 9, Gillmeister, 
1971, Vitaliano and Cordua, 
1979)
a. isoclinal folds trending 
and plunging N
b. similar-style
c. development of foliation 
and axial plane schisto- 
sity
d. mechanisms: passive and
flexural flow
Ruby Range 
(Okuma, 1971, Garihan, 1973, 
Smith, 1980)
a. isoclinal folds trending 
and plunging NE
b. similar-style
c. development of foliation 
and axial plane schisto- 
s ity
d. mechanisms: passive and
flexural flow
a. open folds trending and 
plunging N-NE
b. refold F-, folds
c. coaxial with
d. locally create fracture 
cleavage
e. mechanisms: flexural 
and passive flow?
a. isoclinal to open folds 
trending and plunging 
N-NE
b. refold F^ folds
c. coaxial as well as non­
coaxial with F
d. locally create fracture 
cleavage
e. mechanisms: flexural flow 
and slip, and passive flow
a. do not occur in the 
Tobacco Roots or are 
completely coaxial with
a. warping of around N- 
trending axes
b. non-coaxial with F^
c. mechanism: flexural flow?
d. do not occur in the central 
Ruby Range or in the Kelly 
study area, or may be 
completely coaxial with F£
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upon j u x t a p o s i t i o n  o f  rock u n i t s ,  and the presence o f  gossany b recc ia  
o r  s i i c k e n s id e d  f l o a t .
A w e l1-developed reg iona l  f o l i a t i o n  is  a lso  conspicuous across 
the  Copper Mountain and K e l l y  areas. F o l i a t i o n  p a r a l l e l s  compos i t iona l  
l a y e r in g  w i t h i n ,  and the l i t h o l o g i c  con tac ts  between u n i t s .  Layer ing  
has been l o c a l l y  transposed along f o l i a t i o n  in the  noses o f  i s o c l i n a l  
f o l d s .  The general concordance o f  f o l i a t i o n  and com pos i t iona l  la y e r in g  
suggests t h a t  much o f  the  metamorphic f a b r i c  r e f l e c t s  an o r i g i n a l  
l a y e r i n g .  M y lo n i t i c  t e x t u r e s ,  such as rodded q u a r t z ,  and e longa te  fe ld s p a r  
and garne t  p o rp h y ro b las t  in q u a r t z - f e l d s p a r  gne iss ,  suggest t h a t  
shear ing  was im po r ta n t  in  deve lop ing some f o l i a t i o n  (Cordua, 1973). 
L in e a t io n s  are p r i m a r i l y  de f ined  by quar tz  boudinage, e longate  fe ld s p a r  
and g a rn e t ,  and a l ig n e d  hornblende in  a m p h ib o l i te .  One o r i e n t a t i o n  o f  
l i n e a t i o n  is  present  in any ou tc rop  (see P la tes  1 and 2 ) .
Copper Mountain Area
The Copper Mountain area l i e s  in  the c en te r  o f  a t i g h t ,  i s o c l i n a l  
and ove r tu rned  synform which i s  about 5 km across ,  and extends f o r  
a pp rox im a te ly  14 km along the southwest f l a n k  o f  the Tobacco Roots.
Cordua (1973) d iv id e d  the southern Tobacco Root Mountains i n t o  severa l 
s t r u c t u r a l  domains. Domains 1 and 2 l i e  w i t h i n  the boundar ies o f  the 
s tudy area (F ig .  12).
Both l imbs o f  the Copper Mountain synform are de f ined  by t h in  
bands o f  d o lo m i t i c  marble which are surrounded by q u a r t z o fe ld s p a th i c  
gn e iss ,  and d ip  west a t  about 60°- The c e n t ra l  p o r t io n  o f  the area
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TOBACCO ROOT B A T H O L IT H
VIRGINIA C ITY
PRECAMBRI AN TERTIARY CONTACT
Figure 12 Generalized map of the southern Tobacco Root Mountains showing
the Copper Mountain area and major structural domains defined by 
Cordua ( 1973). Marble outcrop is stippled to show the general 
structural style.
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is  occupied by lenses o f  a m p h ib o l i t e ,  i r o n - fo r m a t io n  and c h e r t  which 
show a double c lo s u re .  A lthough c losu re  to  the n o r th  appears to  be 
a r e l i c t  o f  f o l d i n g ,  the southern c losu re  may be the r e s u l t  o f  j u x t a ­
p o s i t i o n  o f  two separate f o ld s  du r ing  f a u l t i n g .
Approx im a te ly  190 poles to  re g ion a l  f o l i a t i o n  were p l o t t e d  on the 
lower hemisphere o f  a Schmidt equa l -a rea  ne t  to  determine the  t re nd  
and plunge o f  the synform. This p l o t  (F ig .  13) shows a s m a l l - c i r c l e  
geometry,  suggest ing  a re fo ld e d  f o l d  w i th  an average a x is  t re n d in g  
N 6° W and p lung ing  20° no r thwes t .  This agrees we l l  w i t h  the es t im ate  
o f  N 10° W, 25°W f o r  the  Copper Mountain synform (Cordua, 1973).
Although the o v e r a l l  s t r u c t u r e  is  synformal , the no r the rn  p o r t i o n  
o f  the f o l d  i s  a n t i f o r m a l .  Downward-facing f o ld s  (Hobbs and o th e rs ,
197G) such as t h i s  are o f te n  formed du r ing  r e f o l d i n g  o f  the s t r a t i -  
g r a p h i c a l l y  i n v e r te d  l imb o f  a recumbant f o l d .  A few post-metamorphic 
un d u la t ion s  and cross f o ld s  are a lso  developed in a m p h ib o l i te  and c h e r t  
ou tc rops  in the southwest co rne r  o f  the area.
Surface express ion o f  f a u l t s  a t  Copper Mountain i s  con f ined  to  a 
small  swarm which o f f s e t s  u n i t s  in the  southern p o r t i o n  o f  the  area,  
and severa l  unmappable f a u l t s  w i t h i n  q u a r t z i t e  in  se c t io ns  1 and 12.
Broken fragments o f  i ro n  and cop pe r -s ta ined  c h e r t  commonly mark these 
narrow zones, and s l i c k e n s id e s  are observed l o c a l l y  as w e l l .  Poor 
ou tc rop  and t h i c k ,  1i t h o l o g i c a l l y  heterogeneous u n i t s  may obscure exposure 
o f  o th e r  f a u l t s  w i t h i n  the map area.
K e l l y  Area
The K e l l y  area forms the n o r th e rn  t i p  o f  a Precambrian wedge
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C o p p e r  o Min
Figure 13. Contoured equal area plot of 190 poles to 
foliation in the Copper Mountain study 
area. Contour densities as shown.
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5 km across ,  which extends f o r  about 7 km along the  n o r th e as t  margin 
o f  the Ruby Range. The K e l l y  synform covers the  e n t i r e  map area as 
a r e l a t i v e l y  t i g h t ,  e a s t -s o u th e a s t -p lu n g in g  f£  f o l d  bounded, on the 
no r th  and west by d o lo m i t i c  marble. The no r the rn  t i p  o f  an ad jacen t  
a n t i f o r m  t re n d in g  N 40° W, occupies the  extreme southeastern  corner  
o f  the  map area. A t h i c k  sec t ion  o f  Paleozo ic  sedimentary  rocks i s  
jux taposed  ag a in s t  Archean l i t h o l o g i e s  to  the n o r th ,  e a s t ,  and along 
the Kephart f a u l t  to  the west .
Fo ld ing  i s  complex and exposure poor across much o f  the area. 
However ou tc rop  o f  severa l  t h i n ,  and one r e l a t i v e l y  t h i c k ,  bands o f  
i r o n - f o r m a t io n  he lp  de f in e  the  o v e r a l l  s t r u c t u r e .  Exposure w i t h i n  
e x p lo r a t i o n  t renches ,  and a ground magnetometer survey o f  i r o n -  
fo rm a t io n  in  the no r the rn  h a l f  o f  the area (James and Weir ,  1972),  
lend some credence to  s t r u c t u r a l  i n t e r p r e t a t i o n s .
Smith (1980) d iv id e d  the  Hinch Creek area to  the sou th ,  i n t o  13 
s t r u c t u r a l l y  coherent domains. Domain 1 represents  most o f  the  K e l l y  
area (F ig .  14). Folds and re g iona l  f o l i a t i o n  g e n e r a l l y  t re n d  ea s t -  
west as opposed to  the dominant no r the a s t -so u th w es t  g r a in  across the 
southern p o r t i o n  o f  the  range. This d iscordance may be the r e s u l t  o f  
d isharmon ic  f o l d i n g  c o n t r o l l e d  by c o n t ra s ts  in l i t h o l o g i c  competence. 
D isco rdan t  f o l d i n g  has a lso been exp la ined  by la r g e - s c a le  recumbant 
nappes in the Ruby (Okuma, 1971; Karasev ich,  1980), Tobacco Root 
(Burqer ,  1967; Duncan, 1978), and Beartooth  (Reid and o th e r s ,  1975) 
Ranges.
K E L L Y  M A P  A R E A
L
’ . r , r y  Hollow Creek
H i n c h
2miles
Figure 14. Map of the northern Ruby Range showing the location of the 
Kelly area and the major structural domains defined by Smith 
(1980). Outcrop of folded marble is indicated by the stipple 
pattern.
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Lower hemisphere poles to  150 f o l i a t i o n  a t t i t u d e s  were p l o t t e d  
f o r  the  K e l l y  synform (F ig .  15).  Th is  p l o t  shows a s t rong  concen­
t r a t i o n  in  the no r the rn  hemisphere, w i th  two d i s t i n c t  maxima re p re s e n t in g  
the  l imbs o f  a f o l d  whose average ax is  t rends  N 54° W, and plunges 
60° to  the sou theas t .
N o r th e a s t - t r e n d in g  f a u l t s  cu t  across the area ,  c re a t in g  the  drainages 
w i t h i n  Beatch and Wi lcox canyons (P la te  2 ) .  A small  eye-shaped h o rs t  
i s  p resen t  j u s t  n o r th  o f  Beatch Canyon, w i th  f a u l t s  exposed in trenches 
cu t  in deeply  weathered i r o n - f o r m a t io n  and s l i c k e n s id e d  ou tc rops  o f  
q u a r t z i t e  a long the Beatch Canyon jeep  t r a i l .  A l though ou tc rop  i s  
spa rse ,  Haro ld James ( w r i t t e n  communication, 1980) b e l ie v e s  t h i s  b lock  
i s  f a u l t  bounded based on s t r a t i g r a p h i c  evidence and ex tens ions  o f  i r o n -  
fo rm a t io n  using a ground magnetometer survey. James suggests t h a t  
" th e  concept o f  a squeezed up 'pumpkin seed' on a s t r u c t u r a l  ax is  
marked by a d i a p r i c  u l t r a m a f i c  body, remains the  most l i k e l y  i n t e r p r e ­
t a t i o n "  f o r  t h i s  l o c a le .
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Figure 15. Contoured equal area plot of 150 poles to
foliation in the Kelly study area. Contour 
densities as shown.
CHAPTER V 
PROTOLITHS AND INTERPRETATIONS
The importance o f  c o n s id e r in g  the  t o t a l  Archean se c t io n  exposed 
as a p a r t i a l  s t r a t i g r a p h i c  package re p re s e n t in g  a unique d e p o s i t io n a !  
env ironment has been underes t imated.  M u l t i p l e  de fo rm at ion  and 
a m p h ib o l i te  grade metamorphism make d e te rm in a t io n  o f  pre-metamorphic 
paren ts  c h a l le n g in g .  The metasedimentary  o r i g i n  o f  d o lo m i t i c  marble,  
p e l i t i c  s c h i s t  and micaceous q u a r t z i t e  i s  unques t ionab le ,  whereas 
q u a r t z o fe ld s p a th i c  gne iss ,  a m p h ib o l i t e ,  pure q u a r t z i t e ,  and i r o n -  
fo rm a t io n  have an ambiguous h i s t o r y .
This chap te r  i s  an a t tem pt  to  i n t e g r a te  f i e l d ,  p e t ro g ra p h ic  and 
geochemical c r i t e r i a  which shed l i g h t  on po ss ib le  pre-metamorphic 
p a re n ts .  Ma jor-e lement  geochemis try  i s  h e lp fu l  in re co g n iz in g  the 
p recu rso rs  o f  the  more e lu s iv e  rock types ;  p a r t i c u l a r l y  the  igneous, 
sed imentary ,  o r  mixed h e r i ta g e  o f  q u a r t z o fe ld s p a th i c  gne iss  and 
a m p h ib o l i t e .  Major-  element analyses o f  gn e iss ,  a m p h ib o l i t e ,  and 
q u a r t z i t e s  are presented here ,  as are analyses o f  i r o n - fo r m a t io n  from 
both s tudy  areas by Bayley and James (1973) and Dahl (1977).
The f i r s t  h a l f  o f  t h i s  chap te r  i s  devoted to  the o r i g i n  o f  
l i t h o l o g i e s  exposed w i t h i n  the  s tudy  areas as we l l  as across most o f  
the  Montana basement. The remainder i s  an a t tempt  to  compare t h i s  
Archean te r ra n e  w i th  a f o r e - a r c  o r  a c c r e t io n a r y  pr ism env ironment.
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Q u a r t z o fe ld s p a th ic  Gneiss
Q u a r tz o fe ld s p a th ic  gneiss i s  both the  most abundant and en igm a t ic  
l i t h o l o g y  w i t h i n  the basement te r ra n e  o f  southwestern Montana. 
S t r u c t u r a l l y ,  these m ig m a t i t i c  gneisses form the  lowermost u n i t  in  
both  s tudy areas. F o l i a t i o n  and la rg e -s c a le  com pos i t iona l  banding 
w i t h i n  the  gneiss are everywhere p a r a l l e l  w i t h  the con tac ts  o f  sur round ing  
l i t h o l o g i e s .  Contacts between the gneiss and o v e r l y i n g  marble are 
sharp ,  bu t  are g ra d a t io n a l  over  a few meters w i th  sur round ing  amphi- 
b o l i t e s .  Concordant lenses and r e l a t i v e l y  t h i c k  la y e rs  o f  hornblende 
gneiss are enclosed w i t h i n ,  and grade i n t o ,  the  dominant q u a r tz -  
f e l d s p a r  gne isses .  On a mapping sca le  o f  1" = 1000* these gneisses 
are ex t rem e ly  monotonous. Poss ib le  sedimentary o r  igneous te x tu re s  
and s t r u c t u r e s  have been homogenized du r ing  r e c r y s t a l l i z a t i o n  and 
mi gmi t i  z a t i  o n .
C o m p o s i t ion a l ly  and m i n e r a lo g i c a l l y  these rocks are g r a n i t i c  o r  
r h y o l i t i c  in  com pos i t ion .  Ma jo r-e lement analyses (Table 4) o f  f o u r  
gneisses from the Copper Mountain and K e l l y  areas show c a l c - a l k a l i n e  
a f f i n i t i e s  w i th  69 to  75 pe rcen t  Si0£ and 4 to  8 percen t  t o t a l  a l k a l i s .  
Both H e in r ic h  (1960) and Smith (1980) have suggested t h a t  gneisses 
in  the  Ruby Range re p resen t  a metamorphosed synk inem at ic  p lu to n .
Tnis con c lus ion  is  somewhat a t  odds w i th  t h e i r  r e g i o n a l l y  concordant 
co n ta c t  r e l a t i o n s h i p s ,  m i l l i m e t e r  to  dec im e te r -sca le  com pos i t iona l  
l a y e r i n g ,  and enclosed la ye rs  o f  hornblende gneiss and metabasi te  which 
most p robab ly  re p re s e n t  bas ic  f low s  and minor p y r o c l a s t i c  rocks .
Table 4. XRF chemical analyses of quartzofeldspathic gneiss from the study areas.
Quartzofeldspathic Avg. Granite Franciscan Greywacke
Gneiss (Hyndman, 1972) (Bailey and others, 1969)
KQ F1 KQF2 KQF 3 CMQF 1
SiQ2 69 .88 74.86 72.31 73.77 73.86 71.7
Ti02 0.34 0.20 0.29 0.37 0.20 0.3
Al2°3 18.17 12.96 16.97 13.01 13.75 13.2
Fe^O ̂ Z j 0.74 0.68 0.95 2.14 0.78 0.3
FeO 0.85 0 .78 1 .09 2.45 1.13 3.6
MnO 0.01 0.02 0.01 0.05 0.05 0.0
CaO 3.63 0.28 3.08 1 .42 0.72 1 .8
MgO 0.89 0.69 0.78 0 .56 0 .26 1 .8
Na20 3.73 1 .55 3.49 1 .32 3.51 2.7
k20 1.4 1 6 .68 1 .53 4.91 5.13 1 .3
P2°5 0.10 0 .04 0.03 0.07 0.14 0 . 1
Total 99 .74 98.74 100.52 100 .22 99 . 53 96.7
* D.F. 2.61 -0.38 1.49 -1.64 2.32 -2.11
* D.F. - Discrimination Function = 10.44 - 0.21 x SiO- - 0.32 x Fe?(K (as total 
iron) - 0.98 x MgO + 0.55 x CaO + 1.46 x Na0(3 + 0.54 x Ko0 (Shaw,. 1972)
Z Z cn
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Garihan and W i l l ia m s  (1976) noted t h a t  the composi t ion  o f  these 
gneisses is  a ls o  s i m i l a r  to  metamorphosed arkose ( f e l d s p a t h i c  a r e n i t e )  
a n d /o r  s i l i c e o u s  sha le .  Rounded and e longate  z i r c o n s  w i t h i n  gneisses 
in the Tobacco Roots (Cordua, 1973) have a lso  been used to  suggest 
a mature meta sed imentary p a re n t .  A metasedimentary o r i g i n  i s  c o n s is ­
t e n t  w i t h  the conformable and c o m p o s i t i o n a l l y  v a r ia b le  na ture  o f  the  
gneiss and i s  p la u s ib le  f o r  a t  l e a s t  the s t r o n g l y  banded micaceous- 
g a rn e t i f e ro u s  v a r i e t i e s .
Shaw (1972) developed a d i s c r im in a t i o n  f u n c t i o n  f o r  q u a r tz o ­
f e l d s p a t h i c  gneisses based upon the weight  pe rcen t  values o f  S i02 ,
^e2®3 ( as t o t a l  i r o n ) ,  MgO, CaO, Na20, and J^O (Table 4 ) .  P o s i t i v e  
va lues o f  the f u n c t io n  i n d ic a te  a probable igneous paren tage,  whereas 
nega t ive  values c h a ra c te r i z e  gneisses o f  sed imentary o r i g i n .  Two o f  
the  gneisses analyzed in t h i s  s tudy show p o s i t i v e ,  and two show 
n ega t ive  f u n c t io n  values (Table 4 ) ,  suggest ing  t h a t  both igneous and 
sed imentary paren ts  are rep resen ted  and i n t e r l a y e r e d . Gneisses w i th  
p o s i t i v e  va lues show high potassium conten ts  t y p i c a l  o f  igneous ro cks ,  
whereas gneisses w i t h  negat ive  fu n c t io n  values have lower potassium 
con ten ts  c o n s i s te n t  w i th  f e l d s p a t h i c  sands (see Table 2 ) .
Based upon f i e l d  and geochemical c r i t e r i a ,  the  q u a r t z o fe ld s p a th i c  
gneisses most p robab ly  re p re se n t  a t h i c k  package o f  metamorphosed 
f l e d s p a t h i c  sands o r  “ greywacke" a t  l e a s t  5 km t h i c k ,  i n t e r s t r a t i f i e d  
w i th  r h y o l i t e ,  b a s a l t  f lows  and p y r o c l a s t i c  rocks .  Hornblende gneisses 
and o r thogne isses  may re p re sen t  a bimodal t r o n d je h m i t i c  c a l c - a l k a l i n e  
s u i t e  (Foun ta in  and W i lson ,  in p r e p a r a t io n ) .
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D o lo m i t i c  Marble
As metamorphosed accumula t ions o f  carbonate sed iment,  these 
marbles re p re sen t  unambiguous evidence o f  sha l low  to  deep marine 
sed im en ta t ion .  The u b iq u i to u s  presence o f  t r e m o l i t e ,  d io p s id e ,  and 
f o r s t e r i t e  suggests t h a t  these carbonates were o r i g i n a l l y  impure 
s i l i c e o u s  do lo m i te s .  D iscont inuous la y e rs  o f  qu a r tz  boudinage up to  
a meter t h i c k  may re p re sen t  o r i g i n a l  t h i n  s t r a t i f o r m  la ye rs  o f  c h e r t  
which rep laced  the  ca rbona te .
I t  i s  d i f f i c u l t  to  determ ine i f  these carbonates o r i g i n a t e d  as 
chemical p e r c i p i t a t e s  o r  b io g e n ic  oozes. T h e i r  c lose  a s s o c ia t i o n  w i th  
am p h ib o l i te s  o f  po s s ib le  vo lcanogen ic  o r i g i n ,  a common a s s o c ia t io n  both 
in  Archean and re cen t  (K a r ig ,  1973) t e r r a i n s ,  suggests d e p o s i t io n  
may have been accomplished d u r in g  qu iescen t  pe r iods  between submarine 
v o lc a n ic  emanations.
Am ph ibo l i te
The chemical and phys ica l  c h a r a c t e r i s t i c s  o f  am p h ib o l i te s  de r ived  
from isochemical  metamorphism o f  b a s a l t  f lows o r  t u f f s ,  v o l c a n i c l a s t i c  
sed iments ,  o r  ca lcareous shales (m ar ls )  are e s s e n t i a l l y  i d e n t i c a l  
(Engel and Enge l ,  1962). Th is  makes con c lus ive  d e te rm ina t io n  o f  
a m p h ib o l i t e  p r o t o ! i t h s  d i f f i c u l t  and, perhaps, im poss ib le  i f  a l l  th ree  
rock types are p resen t  in  the o r i g i n a l  s e c t io n .
The a m p h ib o l i te s  in  t h i s  s tudy occur  as r e l a t i v e l y  t h i c k  and 
con t inuous  lenses and la y e r s ,  which are everywhere conformable to  the 
f o l i a t i o n  and com pos i t iona l  banding in  sur round ing l i t h o l o g i e s .
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Extens ive  r e c r y s t a l  1 i z a t i o n  and metamorphic d i f f e r e n t i a t i o n  have 
o b l i t e r a t e d  much o f  the  o r i g i n a l  t e x t u r a l  fe a tu re s  o f  the  p r o t o l i t h .  
C ro s s c u t t in g  r e l a t i o n s h i p s ,  and igneous te x tu re s  ( c h i l l  marg ins ,  
r e l i c t  phenocrys ts ,  x e n o l i t h s ,  and p i l l o w s )  are no t  d is p la y e d  in  these 
a m p h ib o l i t e s ,  bu t  have been documented w i t h i n  metabasi tes in  the  southern 
Tobacco Roots (Cordua, 1973; Hanley,  1976). Sedimentary te x tu re s  such 
as r e l i c t  q u a r tz  pebbles ( B ie la k ,  1978) o r  c a l c - s i 1i c a te  la y e rs  are 
a lso  consp icuous ly  absent ,  a l though q u a r t z i t e  pods up to  20 meters 
t h i c k  can be observed in some ou tc rops .
In the f i e l d ,  gradual v a r i a t i o n  in  g ra in  s ize  ( f i n e  to  coa rse ) ,  
s t r u c t u r e  (w e l l  o r  p o o r ly  developed ba nd in g ) ,  and m in e ra lo g ic a l  com­
p o s i t i o n  (percentage o f  q u a r t z ,  p l a g io c la s e ,  and hornb lende) can be 
observed across a s in g le  exposure.  B ie la k  (1978) concluded t h a t  banded 
hornblende gneisses in  the  Winnipeg creek area o f  the  Ruby Range were 
o r i g i n a l l y  sed imentary ro cks ,  whereas massive a m ph ib o l i tes  were b a s a l t  
f l o w s .  I f  these t e x t u r a l  and m in e ra lo g ic a l  v a r i a t i o n s  were d i s t i n c t  
r a t h e r  than l a t e r a l l y  and v e r t i c a l l y  g r a d a t i o n a l ,  a heterogenous rock 
sequence would make b e t t e r  sense. These v a r i a t i o n s  may s im p ly  be a 
r e l i c  o f  minor com pos i t iona l  and t e x t u r a l  inhomegen i t ies  enhanced 
d u r in g  metamorphism however.
Geochemical c r i t e r i a  (B u rge r ,  1969; Cordua, 1973) a p p l ie d  to  
a m p h ib o l i te s  in  the  Tobacco Roots suggest  t h a t  they are igneous in 
o r i g i n  on the bas is  o f  the  h igh Cr and N i ,  low K^O and S iC ^ a n d  A ^O g  
con ten ts  t y p i c a l  o f  known Archean b a s a l t s .
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Major-e lement  analyses and N ig g l i  values were determined f o r  8 
a m ph ib o l i te s  from the  Copper Mountain and K e l l y  areas (Table 5 ) .  
Massive, banded, and s a l t - a n d -p e p p e r  v a r i e t i e s  show n e a r ly  i d e n t i c a l  
b u lk  com pos i t ions ,  and compare w e l l  w i th  a m p h ib o l i te s  from the Madison 
(F o s te r ,  1962),  Spanish Peaks (Spencer and Kozak, 1975) ,  and 
Bear too th  (Van de Kamp, 1969) ranges. Composit ions s t r o n g l y  resemble 
those o f  b a s ic  igneous ro cks ,  p a r t i c u l a r l y  t h o l e i i t i c  b a s a l t s ,  except  
t h a t  i r o n  in the l a t t e r  is  less  o x id iz e d .  N ig g l i  C/Mg and A1-A1K/C 
r a t i o s  (Leake, 1964) are com pat ib le  w i t h  igneous t rends  (Karro  
d o l e r i t e s )  and are o b l iq u e  to  t rends  expected f o r  ca lca reous shales 
(F ig .  16).
On the bas is  o f  f i e l d  and geochemical c r i t e r i a ,  a m ph ib o l i te s  in 
the  Copper Mountain and K e l l y  areas appear to  re p re sen t  metamorphosed 
f lo w s  o f  t h o l e i i t i c  b a s a l t  to  b a s a l t i c  andes i te  com pos i t ion .  There 
are no rea l  d i f f e r e n c e s  in  the  compos i t ion  o f  banded or  massive am­
p h i b o l i t e s  suggest ing  t h a t  i f  sediments are p resen t  they  are 
v o l u m e t r i c a l l y  minor o r  were de r ived  from bas ic  igneous rocks .
P e l i t i c  S c h is t
Th in ,  p o o r l y  exposed la y e rs  o f  p e l i t i c  s c h i s t  are commonly i n t e r ­
la y e re d ,  and l o c a l l y  grade i n t o  micaceous q u a r t z i t e ,  pure q u a r t z i t e ,  
and i r o n - f o r m a t i o n . The m ine ra logy  o f  these s c h is t s  suggests a 
s i l i c e o u s  and a lu m in a - r i c h  p r o t o l i t h .  Modal ly  es t im a ted  chemical 
compos i t ions  (Cordua, 1973) are c o n s is te n t  w i th  r e c r y s t a l l i z e d  
s i l i c e o u s  sha le .  The presence o f  g r a p h i te  in some s c h is t s  suggests 
these te r r ig e n o u s  sediments were a lso  somewhat carbonaceous.
Table 5. XRF chemical analyses of amphibolite from the study areas.
Amphibolite Avg. Oceanic
Tholeiite
Banded Salt and Pepper Massive (Hyndman, 1972)
CM10 CM40 CM81A K7 K81A CM36 CM6 K16
Sl02 5 3 ,.76 54 .25 42 .09 48.,37 41 .67 52., 18 56 .,05 49.,29 49 .50
Tl°2 0 ,.47 0..54 1 ., 12 1 .,60 1 .98 0.,37 0 .,47 0 .77 1 .80
a i 2o 3 15.,67 14 .,99 17 .,44 15.,87 21 .,43 13..16 15.,50 10,,51 15..20
Fe2°3 4 .33 5.. 10 7 .21 6.,56 7..21 5..13 4 .19 5..98 2,.40
FeO 4 .,96 5..84 8.,26 .7..51 8..26 5..88 4 .80 6 .85 8 .00
MnO 0 ,.15 0 ,.19 0 ,.22 0..25 0..10 0..21 0 . 16 0,.23 0,.17
CaO 9..98 10 ,.06 9 .23 9..29 10 ,.73 8,.62 10 .94 8..70 10 ,.90
MgO 8 .39 8,. 15 11 ,.07 6,.82 5..92 12..85 7..17 18,.08 7 ,.90
Na20 o c * 1.86 1 ,.85 2 ,.97 1 ,. 2 8 1 ,.28 1 ,.69 1 ,.63 2  ,.70
K,0 0 . 36 0 ,.72 0 ,.26 0 ,.18 0 ,.39 0 ,.39 0 ,.71 0 ,.19 0,.26
^2^5 0 ,.07 0 ,.05 0 ,. 10 0 ,.14 0 ,.04 0 ,.04 0 ,.05 0 ,.08 0 .21
Total 100 .69 101 ,. 84 93 ,.84 99 ,.56 100 ,.10 100 ,.10 101 .74 97,.31 99 .04
S i 125 ,.90 118,.40 86 ,.80 110,.20 87,.22 111,.60 136 ,.80 90 ,.09
T i .83 .89 1 ,.73 2 ,.73 3,. 1 1 .60 .86 1.05
P .07 .05 .09 .14 .05 .04 .05 .06
C 25,.04 23,.52 20 ,.41 22,.67 24,. 0 6 19 ,.78 28,.60 17 .04
A1 21 ,.59 19 ,.25 21 ,. 18 21 ,.26 26,.38 16,.58 22 .24 11 .29
Fm 47 .09 52 .27 54 .  36 49 .24 44 .50 60 .45 44 oo 68 .55
A ik 6 .26 4 .93 5 .43 6 .  80 5 .05 3.17 5 .  11 o•J .10
K .08 .20 .08 .04 .10 .16 .21 .07
Mg .62 .63 .53 .51 .42 ooVO .59 .72
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Figure is. Niggli C /M g and Al A lk/C  (Leake, 1964) plots for 8 analyses of 
amphibolites from the Copper Mountain and Kelly areas.
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Impure and Pure Q u a r tz i te
Three d i s t i n c t  v a r i e t i e s  o f  q u a r t z i t e  are p resen t  in  the  s tudy  
a rea :  micaceous q u a r t z i t e ,  ga rne t  q u a r t z i t e ,  and pure q u a r t z i t e .
The impure micaceous q u a r t z i t e s  are e s s e n t i a l l y  q u a r t z - m ic r o c l i n e -  
p la g io c la s e  rocks w i th  accessory ga rn e t ,  s i l l i m a n i t e ,  m uscov i te ,  and 
b i o t i t e .  They t y p i c a l l y  c o n ta in  50 to  60 pe rcen t  qua r tz  and 20 to  30 
pe rcen t  m i c r o c l i n e ,  g i v i n g  them an a lmost  igneous appearance in  t h i n  
s e c t i o n .  M y l o n i t i z a t i o n  and r e c r y s t a l l i z a t i o n  destroyed o r i g i n a l  
t e x t u r e s ,  w i t h  the  excep t ion  o f  a p la n a r  l a y e r i n g  de f ined  by q u a r tz  
and o r ie n te d  micas.
M a jo r -e lem ent  a n a ly s is  o f  q u a r t z i t e  lenses from both s tudy  areas 
r e f l e c t s  a s i l i c a -  a lum ina-  and r e l a t i v e l y  p o ta s s iu m - r ic h  rock as 
expected from the m inera logy  (Table 6 ) .  The com pos i t ion ,  t e x t u r e ,  
and a s s o c ia t io n  o f  these q u a r t z i t e s  w i th  marbles and p e l i t e s  in  the  
f i e l d ,  suggests sandstone as the p r o t o l i t h .  T h e i r  chemical compos i t ion  
(Table 6) i s  s i m i l a r  to  f e l d s p a t h i c  a r e n i t e s ,  suggest ing  these sands 
may w e l l  have had a p l u t o n i c  provenance ( e . g . ,  P e t t i j o h n  and o th e r s ,  
1972).
The presence o f  g a r n e t i f e r o u s  q u a r t z i t e s  (40 to  45 percen t  ga rne t )  
which co n ta in  less  b i o t i t e  and m ic r o c l i n e  and s l i g h t l y  more p l a g io -  
c lase  than t y p i c a l  micaceous q u a r t z i t e s ,  may be o f  g e n e t ic  s i g n i f i c a n c e .  
S im i l a r  ga rne t  q u a r t z i t e s  asso c ia ted  w i th  i r o n - f o r m a t io n  a t  Broken 
H i l l ,  A u s t r a l i a  (S tan ton ,  1976) are cons idered chemical sediments o f  
v o lc a n ic  o r i g i n  (Kramm, 1972). They may however s imp ly  rep resen t  
sands l o c a l l y  r i c h  in  c la y .
Table 6♦ XRF chemical analyses of quartzites and chert from the study areas.
Avg. Arkose 
Micaceous (Pettijohn,
Quartzites 1972) Chert
K2 6 . CM 3 7 CM1 K4 2-
S102 83.33 81.73 81 .48 94.77 93 .54 97 .20 95.90
Ti02 0.30 0.20 0.25 0.05 0.01 0.00 0.06
A12°3 8.19 9.14 7 . 82 1 .54 1 .23 1.19 1.10
Fe2°3 1 .25 0.39 1 .45 0.04 0.03 0.06 1 .70
FeO 1.43 0.44 0.76 0.05 0.05 0.11 0.34
MnO 0.23 0.01 0.01 0.00 0.00 0.00 0.05
CaO 0.13 0.13 0.37 0.07 0.08 0.05 0 .50
MgO 1 .35 0.77 0 .55 0.11 0.04 0.06 0.10
Na2o 0.49 0.73 2.30 0.24 0.14 0.06 0.02
k 2o 3 .47 4.97 4.43 0.24 0.05 0.09 0.26
P2°5 - 0.02 0.03 0.01 0.02 0.00 0.00 0.03
Total 100.18 98 .54 99 .43 97.12 95.05 9 8. 82 100.06
Avg. Ortho-
quartzite Franciscan Chert
(Pettijohn, (Bailey and others,
1972) 1969)
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Lenses o f  n e a r ly  pure (95 to  98 pe rcen t  q u a r tz )  massive to  
laye red  q u a r t z i t e  are s h a rp ly  i n t e r l a y e r e d  w i t h  micaceous q u a r t z i t e  
and s c h i s t  in  both s tudy areas .  Ma jo r-e lement  analyses (see Table 6) 
show t h a t  these rocks have a very  d i f f e r e n t  compos i t ion  w i t h  less  
a lum ina ,  i r o n ,  and potass ium, and more s i l i c a  than su r round ing  
micaceous q u a r t z i t e .  This c h e m is t ry  i s  c o n s is te n t  w i t h  i s o c h e m ic a l l y  
r e c r y s t a l l i z e d  o r t h o q u a r t z i t e , qu a r tz  a r e n i t e ,  and c h e r t .  The pure 
s i l i c e o u s  co m p o s i t io n ,  sharp c o n ta c t  r e la t i o n s h i p s  w i th  su r round ing  
s c h i s t s  and impure q u a r t z i t e s ,  and c lo se  a s s o c ia t io n  o f  these rocks 
w i t h  a m p h ib o l i t e  and i r o n - f o r m a t i o n , s t r o n g l y  suppor ts  c h e r t  r a t h e r  
than pure sandstone as a p r o t o l i t h .
The o r i g i n  o f  Precambrian c h e r ts  i s  u n c e r ta in .  B iogen ic  (Laberge, 
1972) and in o rg a n ic  (K oeh le r ,  1972) p r e c i p i t a t i o n  have been suggested 
on t e x t u r a l  and p e t r o l o g i c  grounds. In o rg a n ic  p r e c i p i t a t i o n  o f  s i l i c a  
re q u i re s  c o n c e n t ra t io n s  o f  about 100 ppm o f  s i l i c a  (10 t imes g r e a te r  
than modern ocean ic  c o n c e n t ra t io n s )  c o n d i t i o n s  which may have been 
p o s s ib le  under Archean wea ther ing  (C loud,  1970) o r  s i l i c e o u s  v o lc a n ic  
emanations (Ingram , 1972; S ie v e r ,  1977). Such e x h a la t io n s  have been 
documented in the  modern reco rd  (Kanmera, 1974) and would mesh w e l l  w i t h  
a m p h ib o l i t e  and i r o n - f o r m a t io n  o f  a vo lcanogen ic  na tu re .  S t r i k i n g l y  
s i m i l a r  massive to  bedded ch e r ts  are in te rbedded w i th  t h i n  aluminum 
and i r o n  r i c h  shales and assoc ia ted  w i th  massive and p i l l o w  b a s a l ts  in  
the  Mesozoic Franciscan Format ion o f  C a l i f o r n i a  (B a i le y  and o th e r s ,  
1964). These r h y t h m ic a l l y  bedded Mesozoic Franciscan che r ts  co n ta in
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small  amounts o f  p y r o c l a s t i c  m a t e r i a l ,  bu t  c o n ta in  abundant r a d i a o la r i a  
and are cons idered  r a i o l a r i a n  oozes (Pessagano, 1973).
I r o n - f o r m a t i  on
Massive and banded g a rn e t -b e a r in g  i r o n - f o r m a t io n  occurs as t h i n  
lenses and fo ld e d  la y e rs  in  both areas assoc ia ted  w i t h  a m p h ib o l i t e .  
Contact  r e la t i o n s h ip s  exposed in  e x p lo r a t i o n  t renches and in  o u tc ro p ,  
show t h a t  i r o n - f o r m a t io n  i s  i n t i m a t e l y  i n t e r l a y e r e d  w i t h  q u a r t z i t e  and 
c h e r t ,  and l o c a l l y  grades i n t o  t h i n  beds o f  g a r n e t - b i o t i t e - s i 11im an i te  
sch i  s t .
Ma jo r-e lement  a n a ly s is  (Table 7) revea ls  a r e l a t i v e l y  s i l i c e o u s  
and aluminous l i t h o l o g y ,  s t r o n g l y  en r iched  in  both fe r ro u s  and f e r r i c  
i r o n .  The qu a r tz  i r o n - f o r m a t io n  r e f l e c t s  i t s  d i f f e r e n t  m inera logy  
w i t h  h ig h e r  s i l i c a ,  manganese, and ca lc ium ,  and lower t o t a l  i r o n ,  
than the  ga rne t  i r o n - f o r m a t io n .
Archean i r o n - f o r m a t io n s  are commonly regarded as metamorphosed, 
c h e m ic a l l y  p r e c i p i t a t e d ,  w a te r -d e p o s i te d  sediments. Some workers  
fa v o r  a b io ge n ic  o r i g i n  (C loud,  1973; Laberge, 1973; T r e n d a l l ,  1977), 
whereas many o th e rs  suggest  an e x h a la t i v e  o r i g i n  (Hutch inson and 
o t h e r s ,  1971; Goodwin and R id l e r ,  1973) f o r  i r o n - f o r m a t io n  based on 
i t s  presence w i t h i n  t h i c k  s e c t io n s  o f  maf ic  t o  f e l s i c  f l o w s ,  t u f f s ,  
and v o l c a n i c l a s t i c  sed iments . The source o f  i r o n  and s i l i c a  i s  the 
g r e a te s t  unknown in  d e a l in g  w i t h  these ro cks .  Extens ive  e ros ion  o f  
l o w - r e l i e f  land masses in  a C 02 - r ich  Archean atmosphere (C loud,  1973), 
and submarine e x h a la t io n s  o f  i r o n  and s i l i c a  i n t o  v o lc a n o - te c to n ic
Table 7. Chemical analyses of iron-formation from the study areas.
Iron-Formation
Kelly Area Copper Mountain Area
(Bayley and James, 1973) (Dahl, 19 77)  (Cordua, 19 73)*
K1 K2 GIF QIF1 QIF2 CMl CM2
Si°2 40.00 39.58 38.40 50.00 71.90 39 47
Ti02 0.08 0.10 0.03 0.05 0.44 - -
a i 2o 3 1.95 2.47 6.21 6.08 1.16 5 4
Fe2°3 32.91 32.07 29.40 23.50 0.88 22 17
FeO 18.87 19.22 20.60 15.00 10.80 29 27
MnO 0.73 0.75 0.75 2.07 2.83 - -
CaO 1.87 1.90 1.87 0.99 7.40 - -
MgO 2.46 2.41 2.31 0.62 3.03 3 4
Na20 0.12 0.09 0.03 0.00 0.07 n.d. n.d.
k 2° 0.56 0.85 0.15 0.07 0.03 n.d. n.d.
P2°5 0.10 0.09 0.09 0.07 0.01 n.d. n.d.
h 2°+ 0.31 0.33 0.23 0.38 0.26 n.d. n.d.
h 2o - 0.15 0.16 0.07 0.21 0.10 n.d. n.d.
c o 2 0.15 0.16 0 .00 0.07 0.41 n.d. n.d.
Total 100.24 100.13 100.14 99.11 99.32 98 99
* Partial chemical compositions based on modal analyses corrected for density 
and assuming the garnet is pure almandine and the orthopyroxene is ferro- 
hypersthene (En^) .
** n.d. = not determined
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basins (Goodwin, 1973; E r ik k s o n ,  1980) have been suggested. Both 
mechanisms, as w e l l  as a combina t ion  o f  the two,  may have been 
im p o r ta n t .
Gross (1965) d i v id e d  i r o n - f o r m a t io n s  i n t o  two major  t y pe s :
1) A1goma-Type i r o n - f o r m a t io n
a) S m a l l ,  d is c o n t in u o u s  lenses o f  o x id e - f a c ie s  i r o n - f o r m a t io n  
which are m i l l i m e t e r s  to  severa l  hundred meters t h i c k ,  
and r a r e l y  more than a few k i lo m e te rs  long .
b) I n t im a t e l y  a s s o c ia te d  w i t h  c a l c - a l k a l i n e  t o  t h o l e i i t i c  
v o l c a n ic  f l o w s ,  p y r o c l a s t i c s , and graywacke.
c) Archean in  age, and i n t e r p r e t e d  as re p re s e n t in g  c o l l o i d a l  
d e p o s i t io n  o f  i r o n  and s i l i c a  su p p l ie d  by v o lc a n ic  
emanation in  a t e c t o n i c a l l y  a c t i v e  ba s in .
2) Super io r -Type i r o n - f o r m a t io n
a) Very con t inous and even ly  bedded lenses tends to  
hundreds o f  meters t h i c k ,  and up to  100‘ s o f  k i lo m e te rs  
lo n g ,  w i th  seve ra l  d i f f e r e n t  fa c ie s  re p re s e n t in g  
c o n d i t io n s  o f  ba s ina l  depth.
b) V o lcan ic  rocks are no t  everywhere d i r e c t l y  assoc ia ted  
but are i n v a r i a b l y  p resen t .
c) P ro te ro z o ic  in  age, re p re s e n t in g  r e l a t i v e l y  q u ie t  s h a l lo w -  
w a te r  bas ins s u p p l ie d  w i t h  i r o n  and s i l i c a  from s u b a r ia l  
w ea ther ing  w i th  some in p u t  p o s s ib le  from v o lc a n ic  sources.
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Archean i r o n - fo rm a t io n s  in  the  Copper Mountain and K e l l y  areas 
correspond n i c e l y  to  the  vo lcanogen ic  Algoma-type (Cordua, 1973;
Hanley,  1976). Several d iscon t inu ous  la y e rs  o f  s i l i c a t e  f a c ie s  i r o n -  
f o r m a t io n ,  i n d i c a t i n g  d e p o s i t io n  a t  in te rm e d ia te  w a te r  depths and 
co r respond ing  eh and pH (James, 1954), occupy both areas.  Thicknesses 
va ry  from 10 to  60 meters w i th  s t r i k e  leng ths  o f  5 and 10 k i lo m e te rs  
i n  the  K e l l y  and Copper Mountain areas r e s p e c t i v e l y . Am ph ibo l i te s  
and ch e r ts  o f  p o s s ib le  v o lc a n ic  o r i g i n  are i n t i m a t e l y  a s s o c ia te d ,  
as are micaceous q u a r t z i t e s  and s c h is t s  re p re s e n t in g  te r r ig e n o u s  
s e d im e n ta t io n .  A s i m i l a r  s i t u a t i o n  may e x i s t  w i t h i n  the M ic h ip ic o te n  
bas in  in  O n ta r io  (Goodwin, 1973) where i r o n - f o r m a t io n s  cons idered 
v o lc a n ic  e x h a l i t e s ,  are enclosed e x c l u s i v e l y  w i t h i n  v o lc a n ic  rocks on 
one bas in  edge, c l a s t i c  sediments on the  o t h e r ,  and both rock types in  the 
c e n t r a l  p o r t i o n  o f  the  b a s in .
The tops o f  t h i n  c h e r t  la y e rs  in th e  Copper Mountain and K e l l y  
i r o n - fo r m a t io n s  show cont inuous m i l l i m e t e r - t h i c k  s t r i n g e r s  o f  f e l d s ­
pa r .  S i m i l a r  fe a tu re s  observed in Canadian i r o n - f o r m a t io n s  have been 
i n t e r p r e t e d  as o r i g i n a l  t h i n  la y e rs  o f  ash (T. LaTour, verba l  communi­
c a t i o n ,  1980; B. B a rn e t t ,  verbal  communication, 1981).
The Copper Mountain and K e l l y  i r o n - f o r m a t io n s  may w e l l  have 
accumulated d u r in g  the waning stages o f  submarine vo lcan ism ,  s i m i l a r  
t o  f e r ru g in o u s  m e t a l l i f e r o u s  sediments now p e r c i p i t a t i n g  a t  s i t e s  o f  
f u m a r o l i c  b r in e  emiss ion on the  f l o o r  o f  the  Red Sea (F ry e r  and 
Hu tch inson ,  1977).
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U l t r a m a f i c  Rocks
Small p e r i o d o t i t e  and p y ro x e n i te  bodies s c a t t e re d  about both a reas,  
were o r i g i n a l l y  emplaced as r e l a t i v e l y  co ld  A lp in e - t y p e  u l t r a m a f i c  
f ragments*  S p in i f e x  t e x tu re s  are absent ,  sugges t ing  t h a t  these bodies 
d id  no t  make i t  to  the su r face  as u l t r a m a f i c  f low s  o r  k o m a t i i t e s ,  o r  
t h a t  o r i g i n a l  t e x tu re s  have been destroyed d u r in g  metamorphism.
P e t ro g ra p h ic  s tu d ie s  (Desmarais, 1978; T e n d a l l , 1978) i n d ic a t e  
t h a t  these u l t r a m a f i c  rocks were o r i g i n a l l y  p a r t i a l l y  s e r p e n t in i z e d ,  
and emplaced as a s o l i d  o r  c r y s t a l  much p r i o r  to  o r  du r in g  prograde 
metamorphism. P rog ress ive  metamorphism d e - s e r p e n t in iz e d  the  o r i g i n a l  
metamorphic rock (Desmarais, 1978) ,  which was l a t e r  s e r p e n t in iz e d  as 
a r e s u l t  o f  g r e e n s c h is t  f a c ie s  metamorphism. Desmarais and Fountain 
(1980) suggest t h a t  some o f  the  u l t r a m a f i c  bodies w i t h i n  the Ruby 
Range, form boudins w i t h i n  hornblende gne iss ,  and may be t e c t o n i t e s  
r a t h e r  than i n t r u s i o n s .
Tec ton ic  I n t e r p r e t a t i o n s
The Archean sequence exposed in  the Tobacco Root and Ruby Ranges 
is  c h a r a c t e r i s t i c  o f  the  e n t i r e  D i l l o n  b lock  which inc lu d e s  the  
H igh land  (Duncan, 1976; Gordon, 1979) , Greenhorn (Berg, 1976),
G ra v e l l y  ( M i l l h o l l a n d ,  1972) ,  Madison (McThenia, 1960; Spencer and 
Kozak, 1975; E r s le v ,  1980) , and no r thwes te rn  Bear too th  (Van DeKamp,
1969; Reid and o t h e r s ,  1975) Ranges. Very l i t t l e  has been done to  match 
t h i s  d e p o s i t i o n a l  sequence w i th  a modern ana log .  Th is  i s  in  p a r t  due 
t o  the poor unders tand ing  o f  Archean t e c t o n i c  processes as w e l l  as an
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absence o f  l i t h o l o g i c  c o r r e l a t i o n  across range boundar ies .  Recent 
advances in  p la te  t e c t o n i c s  (Engel and Kolm, 1972; Burke and o th e r s ,
1976) s t r o n g l y  suggest t h a t  h o r i z o n t a l  t e c t o n i c s  i n v o l v i n g  m ic ro -  
c o n t i n e n ta l  c o l l i s i o n s  and i s l a n d - a r c  fo rm a t io n  i s  the most p la u s ib le  
mechanism to  e x p la in  many Archean te r ra n e s .
Hanley (1976) proposed a ba ck -a rc  o r  marg ina l  bas in  ( K a r ig ,
1971; Packham and Fa lvey ,  1971) as a d e p o s i t i o n a l  env ironment f o r  the 
sequence w i t h i n  the  Tobacco Root Mountains.  S i m i l a r  sequences w i t h i n  
the  Cretaceous Rocas Verdes Complex o f  southern C h i le  (Tarney and 
o t h e r s ,  1976), the  Barber ton Mountain Land o f  South A f r i c a  (E r ik s s o n ,  
1980) and the S ina i  Supergroup o f  the eas te rn  Mediterranean have a lso  
been i n t e r p r e t e d  as back -a rc  b a s ins .
A l though t h i s  model seems to  work w e l l  f o r  greenstone b e l t  
assemblages, the re  are a t  l e a s t  th re e  major  problems in  a p p ly in g  a 
b a c k -a rc  model t o  the  h igh -g rad e  te r ra n e  o f  southwestern Montana:
1) Sed im enta t ion  and de fo rm a t ion  are commonly q u i t e  d iv e rs e  
across small  d is ta nces  in back -a rc  environments (K a r ig  and Moore,
1975). The Montana basement however, i s  c h a ra c te r i z e d  by i t s  l i t h o l o g i c  
and s t r u c t u r a l  c o n t i n u i t y  over  g re a t  d is ta n c e s .
2) Back-arc s e t t i n g s  commonly c o n ta in  complete o r  s i g n i f i c a n t  
p o r t i o n s  o f  o p h i o l i t e  sequences. The t h i c k  laye red  gabbros and sheeted 
d ike  swarms t y p i c a l  o f  those sequences are absent in  southwest 
Montana.
3) Metamorphism across back -a rc  basins is  t y p i c a l l y  low-grade 
g re e n s c h is t  f a c ie s  (K a r ig  and Moore, 1975; Tarney and o th e r s ,  1976).
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A l though  a small  patch o f  low-grade rocks is  p resen t  in  the  G ra v e l l y  
Range, n e a r ly  the e n t i r e  basement has endured u p pe r -am p h ib o l i te  f a c ie s  
c o n d i t i o n s .
Founta in  and Desmarais (1980) compared the  Montana basement to  
the  Wabowden Subprovince o f  Canada, and by ana logy ,  an a c c r e t io n a r y  
p l a t e  marg in .  More s p e c i f i c a l l y ,  I propose t h a t  the general  s e t t i n g  
o f  a f o r e - a r c  bas in  (F igu re  17) may p rov ide  a modern t e c t o n i c  de- 
p o s i t i o n a l  analog f o r  t h i s  Archean assemblage. A f o r e - a r c  bas in  o r  
a c c r e t i o n a r y  pr ism occupies the  e n t i r e  reg ion  l y i n g  on the  t re nch  s ide  
o f  the  a n d e s i t i c  v o lc a n ic  cha in  o f  i s l a n d - a r c  systems. These marine 
bas ins are commonly on the  o rde r  o f  50 to  500 km across and are f i l l e d  
w i t h  5 to  12 km o f  t u r b i d i t e  and p e la g ic  sediments im b r ic a te d  w i th  
m a f ic  v o lc a n ic  rocks ,  c h e r t ,  and s l i v e r s  o f  u l t r a m a f i c  rock (Moore,
1972; K a r ig ,  1973; D ick inson and See ly ,  1979).
The Mesozoic Franc iscan Formation o f  the  C a l i f o r n i a  Coast ranges 
(B a i le y  and o t h e r s ,  1964), the v e s t ig e  o f  a la rg e  marine a c c r e t io n a r y  
wedge, i n c lu d in g  t h i c k  t e r r e s t r i a l  e l a s t i c s ,  may p rov ide  a depos i -  
t i o n a l  and de fo rm a t ion a l  analog o f  the  Archean assemblage exposed across 
the  Montana basement. Th is  rock package i s  s t r i k i n g l y  s i m i l a r  and 
in c lu d e s ,  in  o rd e r  o f  decreas ing  abundance: q u a r t z o fe ld s p a th i c
"greywacke" ,  b lack  and fe r ru g in u o u s  sh a le ,  massive and p i l l o w  b a s a l t ,  
s e r p e n t i n i t e  s l i c e s ,  massive and bedded c h e r t ,  and c h e r t y  l im e s to ne .  
These l i t h o l o g i e s  occu r  as coheren t  mappable u n i t s  (Fox, 1976) and 
c h a o t i c  shear-bounded melanges ( B a i l e y  and o th e r s ,  1964) and are in
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Figure 17 Schematic diagram showing the tectonic setting and possible 
reconstruction of the Montana basement as a partial cross- 
section through an Archean island arc.
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g e n e ra l ,  p h y s i c a l l y ,  c o m p o s i t i o n a l l y , and v o l u m e t r i c a l l y  comparable 
w i t h  co r respond ing  rock  types in  the  Montana basement.
"Greywackes" compose 70 to  80 pe rcen t  o f  the  Franciscan Fo rm at ion ,  
a t t a i n i n g  th icknesses  o f  4 to  6 km ( B a i le y  and o th e r s ,  1964).  L ike  
the q u a r t z o f e ld s p a t h i c  g n e is s ,  these sands are g r a n i t i c  and q u a r tz  
d i o r i t i c  in  c om pos i t io n ,  show la r g e - s c a le  com pos i t iona l  band ing ,  and are 
in te rb e dd e d  w i t h  maf ic  v o lc a n ic  ro cks .  Much o f  the  Franciscan g re y -  
wacke however, con ta ins  less  K - fe ld s p a r  than the  Montana q u a r t z -  
f e l d s p a r  gne isses .  Sands from th e  coeval Great V a l l e y  sequence t o  the 
e a s t ,  do c o n ta in  a p p re c iab le  K - fe ld s p a r  d e r ive d  from the ad jacen t  
a rc  (D. Hyndman, personal  communication, 1981). Perhaps the  gneisses 
in  the  Copper Mountain and K e l l y  areas re p re se n t  an environment 
s i m i l a r  to  the t r a n s i t i o n  zone between the  Franciscan and Great V a l le y  
Sequence.
Massive and p i l l o w  b a s a l t s  form about 10 pe rcen t  o f  the  Franciscan 
package and are comparable w i t h  a m p h ib o l i te  and m e tabas i te .  R e l i c t  
p i l l o w s  have been desc r ibed  in A m p h ib o l i te  exposed in  the  Ruby Creek 
area o f  the G r a v e l l y  Range (Bay ley and James, 1973).
Lenses o f  c h e r t y  l im e s to n e ,  from severa l  meters to  1200 meters 
t h i c k  and up to  a k i l o m e te r  lon g ,  are commonly in  c o n ta c t  w i th  these 
Franc iscan b a s a l t s  (B a i le y  and o th e rs ,  1964; Jones and o t h e r s ,  1978). 
These l imestones co n ta in  abundant r a d i o l a r i a  and re p re sen t  both 
s h a l lo w  and deep-water carbonate d e p o s i t io n  (Wachs and Hein ,  1975).
They appear to  be less  abundant in  the  Franciscan s e c t io n  than are 
marbles i n  the  basement t e r r a n e .
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F in e -g ra in e d  b la ck  sha les i n t e r s t r a t i f i e d  w i t h  sandstones,  and 
red f e r ru g in o u s  shales i n t i m a t e l y  assoc ia ted  w i t h  massive and bedded 
c h e r ts  make up ano ther  10 pe rcen t  o f  the Franc iscan s e c t io n .  These 
fe r ru g in o u s  s h a le - c h e r t  sequences may be analogous to  p e l i t i c  s c h i s t  
and in te rbedded  massive to  banded ch e r ts  i n  my s tudy areas.  D i f f e r i n g  
c o n d i t i o n s  in  the  Archean may be re spo n s ib le  f o r  the  absence o f  i r o n -  
fo rm a t io n  i n  the Franc iscan Formation. Conformable masses o f  serpen­
t i n i z e d  p e r i d o t i t e  and d u n i te  analogous to  those in  the  basement 
t e r r a n e ,  are a ls o  d i s t r i b u t e d  th roug ho u t  the  Franc iscan complex.
F ranc iscan s t r u c t u r e  is  complex and s t i l l  p o o r ly  understood 
(Jones and o th e rs ,  1978). The e n t i r e  sequence i s  i s o c l i n a l l y  fo ld e d  
and l o c a l l y  ove r tu rn ed .  G en t ly  t o  s te e p ly  d ip p in g  f a u l t s  and shear 
zones (Cowan, 1975; Fox, 1976) are common but  are d i f f i c u l t  to  d e te c t  
as most p a r a l l e l  the  s t r u c t u r a l  g r a i n ;  t h i s  may be the  case in s ou th ­
western Montana as w e l l .  A l though metamorphism o f  the  Franciscan i s  
d om ina n t ly  b l u e s c h i s t  fa c ie s  (h igh p re s su re / low  tem pera tu re )  t y p e ,  
the  u p p e r -a m p h ib o l i te  to  l o w e r - g r a n u l i t e  c o n d i t i o n s  across the  Montana 
basement cou ld  e a s i l y  be the  r e s u l t  o f  h ig h e r  Archean geothermal 
g r a d ie n t s ,  o r  a f u l l  e q u i l i b r a t i o n  f o l l o w in g  b l u e s c h i s t  metamorphism.
I f  t h i s  model h o ld s ,  the  D i l l o n  b lock  would re p re se n t  a remnant 
f o r e - a r c  env i ronment .  The Bear too th  Range to  the  s o u th e a s t ,  
do m inan t ly  composed o f  q u a r t z - f e l d s p a r  gneiss  and Archean g r a n i t i c  and 
t o n a l i t i c  p lu to n s  ( B u t l e r ,  1969; Weeks, 1979) cou ld  rep resen t  the  eroded 
bowels o f  the  m a in -a rc  (see F ig .  19).
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A 3 k m - th ic k  m y lo n i te  zone, documented by E rs le v  (1980) in  the  
n e ig h b o r in g  Madison Range, cou ld  re p re se n t  the  f a u l t e d  upper -s lope  
d i s c o n t i n u i t y  between the f o r e - a r c  and m a in -arc  o f  modern i s l a n d - a r c  
systems. Dete rm in ing  the o r i g i n  o f  t h i s  shear i s  c r i t i c a l  however 
s ince  i t  may a ls o  re p re s e n t  a major  s t r i k e - s l i p  f a u l t ,  o r  a c r u s ta l  
su tu re  between two g e n e t i c a l l y  u n re la te d  t e r r a i n s .  The abundance o f  
m y l o n i t i c  t e x t u r e s  th rougho u t  the Montana basement suggests t h a t  
o th e r  unrecognized shears ,  analogous to  those in  the  Franc iscan t e r r a n e ,  
may w e l l  e x i s t .
An unders tand ing  o f  the  sharp grade boundary ( M i l l h o l l a n d ,  1976) 
between g r e e n s c h is t  and a m p h ib o l i te  fa c ie s  in  the  n o r th e rn  and southern 
G ra v e l l y  Range i s  a lso  im p o r ta n t .  Founta in  and Desmarais (1980) have 
suggested t h a t  t h i s  boundary may re p re s e n t  the  j u x t a p o s i t i o n  o f  two 
s l i c e s  o f  d i f f e r i n g  metamorphic grade d u r in g  u n d e r th r u s t in g  in  an 
a c c r e t i o n a r y  p r ism .
These basement b locks  re p re s e n t  a t e c t o n i c  element which has under­
gone a d i s t i n c t i v e  and dec iphe rab le  h i s t o r y .  An i s l a n d - a r c  env ironment 
p rov ides  an e x c e l l e n t  framework f o r  t h i s  Archean domain and p rov ides  
a p l a u s ib l e  p o in t  o f  focus f o r  f u t u r e  r e c o n s t r u c t  ions .
CHAPTER VI 
CONCLUSIONS
P e t ro lo g y ,  m a jo r -e lement  g e o c h e m is t ry , sequence and th ickn e ss  
o f  Archean l i t h o l o g i e s  exposed in  th e  Copper Mountain and K e l l y  
syn fo rms,  suggests an e q u i v a le n t  assemblage occupies both areas.
Th is  assemblage i s  t y p i c a l  o f  much o f  the  Montana basement and i s  
composed o f  m ig m a t i t i c  q u a r t z o f e ld s p a t h i c  gne iss ,  d o lo m i t i c  m arb le ,  
massive to  banded a m p h ib o l i t e ,  micaceous and pure q u a r t z i t e  ( c h e r t ) ,  
p e l i t i c  s c h i s t ,  banded and massive i r o n - f o r m a t io n ,  and small  con­
fo rm ab le  u l t r a m a f i c  ( p e r i d o t i t e  and p y r o x e n i te )  masses. Several 
meta-d iabase d ikes  c u t  across the  Copper Mountain area and t o  the 
south  o f  the  K e l l y  area.  F o l i a t i o n  p a r a l l e l s  the  com pos i t iona l  
l a y e r i n g  w i t h i n ,  and the con tac ts  between u n i t s ,  sugges t ing  t h a t  much 
o f  the  metamorphic t e x t u r e  r e f l e c t s  an o r i g i n a l  l a y e r i n g .
At  l e a s t  two pe r iods  o f  f o l d i n g  around n o r th - n o r th e a s t  axes 
a f f e c t e d  both areas.  T ig h t  i s o c l i n a l  f ]  f o l d s  occur  w i t h i n  the  q u a r t z -  
f e l d s p a r  g n e is s ,  a m p h ib o l i t e ,  and i r o n - f o r m a t io n .  The o v e r a l l  syn- 
fo rmal  s t r u c t u r e  o f  both areas re p re s e n t  the f 2 f o l d s .  Pi diagrams 
drawn from poles to  re g io n a l  f o l i a t i o n  suggest t h a t  the  Copper 
Mountain and K e l l y  synforms t re n d  N 6°  W, 20°NW, and N 54° W,
60° SE, r e s p e c t i v e l y .  Th is  d ive rgence i n  t re nd  may be c o n t r o l l e d  by 
l i t h o l o g y  o r  be the r e s u l t  o f  l a r g e - s c a le  nappes.
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Texture  and m ine ra logy  suggest  t h a t  prograde metamorphic con­
d i t i o n s  s t ra d d le d  the  up pe r -a m p h ib o l i te  l o w e r - g r a n u l i t e - g r a d e  boundary 
w i t h  tem pera tu res  in  the  700-800°C range and pressures  o f  4 -8  kbar .
A common boundary can be drawn f o r  both  areas a t  750°C and 6 kba rs ,  
on the  bas is  o f  e l e c t r o n  microprobe a n a ly s is  o f  i r o n - f o r m a t io n  m in e ra ls  
from both  areas (Immega and K l e i n ,  1976; Dahl,  1977).  These c o n d i t i o n s  
correspond to  a m id - c r u s ta l  depth o f  metamorphism o f  20 to  25 km. The 
s p o ra d ic  occurrences o f  g r a n u l i t e  m ine ra logy  in  ma f ic  and u l t r a m a f i c  
l i t h o l o g i e s  re p re s e n t  l o c a l l y  d r i e r  rocks where P H2O < P load  d u r ing  
metamorphism. G re e n s c h is t - f a c ie s  assemblages are developed across both 
a reas ,  r e f l e c t i n g  a g re e n s c h is t -g ra d e  metamorphic event  which re se t  
K-Ar c locks  a t  1600 Ma.
F i e l d ,  p e t r o g r a p h i c ,  and geochemical c r i t e r i a  suggest the dominant 
q u a r t z o f e l d s p a t h i c  gneisses o r i g i n a t e d  as a t h i c k  sequence o f  f e l d s p a t h i c  
sands w i th  in te rbedded  r h y o l i t e  and b a s a l t  f l o w s .  Massive and banded 
a m p h ib o l i te  are com pat ib le  w i t h  metamorphosed t h o l e i i t i c  b a s a l t  f l o w s .  
Micaceous q u a r t z i t e s  and p e l i t i c  s c h i s t s  re p re sen t  t e r r i g e n o u s  i n f l u x  
o f  f e l d s p a t h i c  sands and aluminous (perhaps c l a y - r i c h )  sed iments ,  
whereas pure q u a r t z i t e  lenses were p robab ly  c h e r t s .  D o lo m i t i c  marble 
formed as s i l i c e o u s ,  ca lca reous  oozes du r ing  q u iescen t  n o n -v o lc a n ic  
ep isodes.  Massive and banded i r o n - f o r m a t io n s  formed as fe r r u g in o u s -  
s i l i c e o u s  b r in e s  asso c ia ted  w i t h  submarine vo lcan ism. U l t r a m a f i c  
masses were con form ab ly  emplaced as c o ld  t e c t o n i c  s l i c e s  be fo re  o r  
d u r in g  prograde metamorphism and de fo rm a t io n .  Diabase d ikes  which
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cu t  across both ranges re p re s e n t  a l a t e - s t a g e  (1400-1600 Ma.) ex ­
te n s io n  and i n t r u s i o n  o f  t h o l e i i t i c  b a s a l t .
A f o r e - a r c  o r  a c c r e t i o n a r y  pr ism  envi ronment p rov ides  a cogent 
t e c t o n i c  model f o r  the  assemblage exposed in the Copper Mountain and 
K e l l y  areas and e x p la in s  l i t h o l o g i c  and s t r u c t u r a l  v a r i a t i o n  across 
much o f  southwestern Montana. The Franc iscan Complex-Great V a l le y  
Sequence o f  C a l i f o r n i a  may p ro v ide  a d i r e c t  se d im e n to lo g ic a l  and de- 
fo r m a t io n a l  analog f o r  t h i s  Archean assemblage, w i t h  i s o c l i n a l l y  f o ld e d  
and sheared f e l d s p a t h i c  greywackes , l im e s to n e s ,  f e r r i g i n u o u s  sha les ,  
massive and bedded c h e r t s ,  massive and p i l l o w  b a s a l t ,  and conformable 
masses o f  s e r p e n t in i z e d  u l t r a m a f i c  rocks .
In a p p ly in g  t h i s  hypo thes is  the  D i l l o n  Block would re p re se n t  the 
f o r e - a r c  w i t h  the  Bear too th  Range re p re s e n t in g  the  eroded bowels o f  the 
m a in -a rc  env i ronment .  A 3 k m - th ic k  m y lo n i te  zone in  the  n e igh b o r in g  
Madison Range would re p re s e n t  the  f a u l t e d  upper -s lope  d i s c o n t i n u i t y .
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XRF Sample Locations From 
The Copper Mountain and Kelly Study Areas
Copper Mountain Quadrangle, Southwestern Montana
CM—1 Pure quartzite (chert) S E h Sec. 1 T.5S. R.4W.
CM-6 Massive amphibolite N W h Sec. 1 T.5S. R.4W.
CM-10 Banded amphibolite swh Sec. 11 T.5S. R.4W.
CM-3 6 "Salt and pepper" 
amphibolite s w h Sec. 36 T.4S. R.4W.
CM-3 7 Quartz ite swh Sec . 6 T.5S. R.3W.
CM-4 0 Massive amphibolite N W h Sec. 31 T.4S. R.3W.
CM-81A Massive amphibolite N E h Sec. 12 T.5S. R.4W.
CM—QF—1 Biotite Q-F gniess N W h Sec. 35 T.4S. R.4W.
K-7 
K-16 
K-26 
K—4 2 
K-81A
K—QF—1 
K-QF—2 
K—QF-3
Banded amphibolite 
Massive amphibolite 
Quartzite
Pure quartzite (chert) 
"Salt and pepper" 
amphibolite 
Biotite Q-F gneiss 
Augen Q-F gneiss 
Augen Q-F gneiss
Southwestern Montana
SE^ Sec. 25 T . 6 S . R. 5W.
N W h Sec. 30 T . 6S . R.4W.
N W h Sec. 30 T.6S. R . 4 W .
S E h Sec. 25 T . 6S . R.5W.
S E h Sec . 24 T . 6 S . R . 5 W .
S E h Sec . 30 T . 6 S . R. 4W.
S E h Sec . 30 T . 6 S . R. 4W.
S E h S e c . 30 T . 6 S . R.4W.
GEOLOGIC MAP OF THE COPPER MOUNTAIN AREA, 
SOUTHERN TOBACCO ROOT MOUNTAINS, MADISON 
COUNTY, MONTANA
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E X P L A N A T IO N
Feldspar porphyry
U ltra m afic  rocks : pendotite and pyroxenite
Pegmatite
Massive and banded iron-form ation
Micaceous quartz ite , th in  layers o f p e lit ic  schists, and 
pure quartzite or chert
Am phibolite
D olom itic m arb le
Q uartzofeldspathic  gneiss w ith  layers of amphibolite 
and m etabasite
Axis  o f overturned an tifo rm
A xis  o f  overturned synform
Strike  and d ip  o f fo lia tion
Trend and plunge o f lineation
Exploration trench
ZOO 400 Meters
No Vertical Exaggeration
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GEOLOGIC MAP OF THE KELLY AREA, NORTHERN M L
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EXPLANATION
M e : E ite is w s  o f i r o n - fm a ta  io the eorthere 
half ef t te  otea ore based en a ground mag- 
K t o *  survey a id  r q y n g  by James end 
Wer (1972).
on Ullioira fic rocks: pendotite and pyroxenite
Mosstve and banded iron-formation
I j o  Gam etife rous q ua rtz ite
quartzite, thin layers of pelibc schist, and
S Quartzofeldspathic gneiss with layers of omphibolite
M o d ,  dashed where inferred
 J . ' '  F a it
_ 4 _ ,  Axis o f anhform 
Aits o f synform 
Strike anil dip of bedding 
Strike and dp  of foliation 
Strike and dip o f nerticd Motion 
Trend and plirtge o f lineation
PLATE 2.
